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ABSTRACT 


Mitochondria were extracted from 4-day-old pea cotyledons and 
purified on a sucrose density gradient. Microbiological assay of the 
purified mitochondrial fraction using Lactobacillus caset (ATCC 7469), 
Streptococcus faecalis (ATCC 8043) and Pedtococeus cerevisiae (ATCC 
8081) revealed a discrete pool of conjugated and unconjugated 
derivatives of tetrahydropteroylglutamic acid. Solubilization and 
chromatographic studies of the mitochondrial fraction demonstrated the 
presence of formylated and methylated derivatives, 10-formyltetrahydro- 
pteroy|Imonoglutamic acid, 5-formyltetrahydropteroylmonoglutamic acid 
and 5-formyltetrahydropteroyldiglutamic acid being the major derivatives 
present. The principal mitochondrial pteroylglutamates were labelled 
when dry seeds were imbibed in [2-!"C]pteroylglutamic acid and 
[methyl-'*c]-5-methyltetrahydropteroylmonoglutamic acid. The ability 
of isolated mitochondria to catalyze oxidation and reduction of tetra- 
hydropteroylglutamic acid derivatives was demonstrated in feeding 
experiments in which [/*C]-HCHO, [3-)"*C]serine, sodium ['*C]formate, 
[methyl-+"*c]-5-methyltetrahydropteroylmonoglutamic acid or [2-1"c]- 
glycine served as one-carbon donors. In addition, 1*C was incorporated 
into free amino acids related to one-carbon metabolism. 

The kinetics of the glycine decarboxylase reaction and its 
potential as a C-I source were examined by the glycine-bicarbonate 
exchange reaction. The enzyme was found to have a Km for glycine of 
1.8 mM, and a Km for bicarbonate of 12.5 mM. Reduced pyridine 
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nucleotides were found to inhibit the exchange reaction while stimula- 
tion of decarboxylation occurred in the presence of NAD with a Kp, for 
NAD of 47 mM. 

The ability of isolated mitochondria to synthesize methionine 
from !*C labelled pteroylglutamate derivatives in the presence of 
homocysteine was also investigated. A homocysteine-dependent 
methyltransferase utilizing 5-methyltetrahydropteroylglutamic acid as 
the methyl donor was shown to be localized in this organelle. Some 
catalytic properties of this enzyme were compared with those of a 
similar enzyme present in tissue homogenates. The isolated mitochondria 
were also capable of synthesizing S-adenosyl-L-methionine from methionine 
and ATP. Enzymes catalyzing the conversion of homoserine to 
homocysteine were also detected in mitochondrial extracts. 

It is concluded that H,yPteGlu derivatives play highly significant 


metabolic roles in the mitochondria of this species. 


aninatiitdh ox tendsmna ust berstoz? Yo one ‘ 

Yo Sonsas1g si ni aevidevinat siamesulelyors3g bofisdat 2 | 
inebnsqsh-saiateyoomed A .betspivedvnl o2i6 ebw | 

ze biss Sime tulp lyorstgorbyder sed tyds sme pnisilise sesrslansi3h ut ‘ 
ano2. .sbisnspio zitlz al bssilesol 50.02 nwode 2ew yonob tyson ade 

6 ig s20dt Aiiw. bategmos siew amystis aly to aattiaqoiq 2iiyh . 
alibnodsod lmcboisloa! eff  s2edecsgoned oyeels ni Inp2s79 soyans +el im 
aninoinian mov) sninoiazen- J-lveonsbe-2 polxtaedanye to eldaqno «¢ ah 
31 ar34e0med Yo nate siavnay og patsy fates eamysna 

_eJosv2xs Ipitbaordsodim nl besostso. cats siaw saleda’ 


snésttingie vineld ei esvireviagh ulfadagh gars babutanos ef 31. an 
.esisege 2) to aithnonzosin sit af} 2etor “tae 


ne : ae | 
dey cag 


a re at 


rh 
olen 


aaa 


ACKNOWLEDGEMENTS 


| sincerely wish to thank Dr. Edwin A. Cossins for his assistance, 
encouragement and help in the preparation of this thesis and 
subsequent publications. 

| would also like to thank Mr. B. Blawacky for his patient help 
and thoughtfulness on numerous occasions and Mrs. E. Ford for typing 
this thesis and her assistance with the constant details that steal 
one's time from day to day. 

To my wife and family, whose constant encouragement and expecta- 
tions never failed me, | am most sincerely grateful. 

The work contained in this thesis was supported by grants-in-aid 
of research from the National Research Council of Canada to Dr. E. A. 
Cossins. | am also endebted to the following sources for supporting 
my Ph.D. studies: National Research Council of Canada, 1970; Gulf Oi] 
Canada Limited, 1971; National Research Council of Canada, 1972, 1973; 


and the University of Alberta, 1970-1973. 


gist Ingiteg 2id 10) yloowelé -8 .oM Ansa o . 
pniqyt Tot bao} .3 .24M bas enojenoze auovanun no atontt3dgvods om _ 
Iserz aud? zieseb snssenon or? fisiwsonetelees red bas ahead atta ih 
-y6b of ab nowt ais steno | 

«s329qx9 be dngmape1beoNe IaStenos szorw yl ime? bas otiw mer 
-lwistergevisasoniz teem ms 4 v0 balieY raven eno 
bis-ni-zdnexe ya bottoqque 2ew eizsda 2143 ni benisgnos syow sdT | - : 

A..2 10 03 sbens) to | isnuod noiseesh lanl tet ova mon? sorensey NS) | 

enizregque 107 esa1y0e poiwal fot oni oF beidabne ole ms ! ventazo) Mi 
110 lua ;O02! ,sbene? Fo Fionuod dsres289 fenolseM s2sibuse AON it 
fe¥et ,ST@l ,sbened to fionued ddves289 (snoiseW 7/12! ibeatet) abana , 
-EV@l-OVEl .etrediA to yz iz ewiad, sft bne 


UY 
=s 


of 


**x ]Q-HCO-H.iPteGlu 
xxx Pte Glu 
SAM 


uCi 


ATCC 
DEAE-cellulose 
EDTA 

PALP 

ADP 

t-RNA 


TES 


TPP 
NAD(P) 
SMM 


DTT 


LIST OF ABBREVIATIONS* 


N’°-formy] tetrahydropteroy lmonoglutamate 

pteroy]monoglutamate 

S-adenosy|!-L-methionine 

microcurie 

counts per minute 

adenosine triphosphate 

tris (hydroxymethy1) aminomethane 

Enzyme Commission 

American Type Culture Collection 

diethylaminoethyl-cellulose 

disodium ethylenediaminetetra-acetic acid 

pyridoxal-5'-phosphate 

adenosine diphosphate 

transfer RNA 

N-tris (hydroxymethy1)methy1-2-aminomethane 
sulphonic acid 

thiamine pyrophosphate 
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* Other abbreviations commonly utilized in the text are given in the 
format acceptable for publication in the Biochemical Journal. 
** The abbreviations used for pteroylglutamic acid and its derivatives 


are those suggested by the IUPAC-IUB Commission as listed in the 


Btochemtcal Journal 102: 15 (1967). 


xxx This abbreviation is used in the figures to designate pteroyl- 
glutamate derivatives in general and is synonymous with the term 


"folate'' used in earlier literature. 
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INTRODUCTION 


Histortcal 


From early studies it is clear that a wide variety of biological 
materials contain pteroylglutamate derivatives (Blakley, 1969; 
Butterworth et al., 1963; Santini et al., 1964; Iwai and Nakagawa, 1958a, 
1958b). Following this discovery, attention was centred on techniques 
for isolation and characterization of these compounds (Bakerman, 1961; 
Silverman et al., 1961; Sotobayashi et al., 1964; Iwai et al., 1959). 
Techniques of prime importance in this area now commonly involve 
column chromatography and differential microbiological assay (see 
review by Blakley, 1969). In assay of plant tissues, however, no 
information was obtained concerning the concentrations of 5-CH3- 
HuPteGlu but, it was demonstrated that reduced derivatives often 
existed as glutamyl peptides. Later more detailed investigations of 
higher plants (Roos et al., 1969; Shah and Cossins, 1970; Roos and 
Cossins, 1971; Rohringer et al., 1969; Cossins and Shah, 1971) 
involving modifications of these techniques, together with differential 
microbiological assays based on Lactobaetllus caset growth response 
have revealed that 5-methyl and conjugated derivatives are commonly 
the principal components of the pteroylglutamate pool. 

Derivatives of PteGlu act as coenzymes in many metabolic reactions. 


Such PteGlu coenzymes are primarily concerned with the transfer of 
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one~carbon units at the oxidation levels of formate, formaldehyde and 
methanol, and in transforming these from one oxidation level to 

another. The first metabolically active PteGlu derivative to be 
characterized was 5-HCO-Hy4PteGlu (Sauberich and Baumann, 1948; Broquist 
Cr tbe O49) Later the significance and identity of I0-HCO-H,PteGlu, 
5,10-CHo=HyPteGlu, 5-HCNH-HyPteGlu, 5,10-CHa-HyPteGlu and 5-CH3- 
H,PteGlu was also determined (Bakerman, 1961; Blakley, 1960; Sakami and 
Ukstins, 1961; Keresztesy and Donaldson, 1961; Gupta and Huennekens, 
1967; Sharadchandra et al., 1955; Jaenicke, 1956; Kisliuk, 1957; 
Blakley, 1957, 1959, 1960; Rabinowitz and Pricer, 1956; Raven and 


Jaenicke, 1953; Tabor and Rabinowitz, 1956; Tabor and Mehler, 1954). 


Sources of C-1 Untts 

The one-carbon unit of these metabolically active derivatives can 
be oxidized or reduced through enzyme mediated reactions as 
illustrated in Scheme 1. The major biological source of this one- 
carbon unit is believed to be serine with formate and glycine as other 
potential donors. 

Serine hydroxymethyltransferase (Scheme 1, reaction 1), which 
catalyzes the reversible formation of 5,10-CH2-H,PteGlu and glycine 
from serine, is considered to be the major C-1 donor to the pteroyl- 
glutamate pool. The enzyme has been reported from several tissues 
(Alexander and Greenburg, 1956; Huennekens et al., 1957; Schirch and 
Mason, 1962; Wang and Burris, 1965; Cossins and Sinha, 1966; De Boiso 
and Stoppani, 1967; Martinez-Carrion et Gl.» 19/2; Schifch) and, Gross, 
1968; Mazelis and Lui, 1967; Uyeda and Rabinowitz, 1968; Schirch and 


Jenkins, 1964; Schirch and Diller, 1971; Clandinin and Cossins, 1972). 
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SCHEME | 
The major reactions for production 


of C-1 units in plant tissues 


Enzymes EC Number Reaction 
L-serine:tetrahydrofolate 

5, 10-hydroxymethy|] transferase Pag ba a, ] 
5-methyltetrahydrofolate 

NADP oxidoreductase Sess 2 
5,10-metheny|]tetrahydrofolate 

5-hydrolase 3.5.4.9 3 
5,10-methylenetetrahydrofolate 

NADP oxidoreductase ele 265 4 
5-methyltetrahydrofolate: 

homocysteine methyltransferase tis Ges) 5 
N+ °-formyltetrahydrofolate 


synthetase 6e3 e425 6 


H,PTEGLU 


METHIONINE 


HOMOCYSTEINE 


5-CH-f ,PTEGLU 


H4PTEGLU 
NADCP) or FAD 
SERINE 1 
“NAD(P)H or FADH 
GLYCINE 


bel.0-Gis Ty, PTEGLU 


“NAD or NADCP) 


YADH or NAD(P)H 


<a 


10-HCO-H ,PTeGLu 


ATP 


6 
Sh ,Presiu 


HCO9H 


3a 


Sasi & 
os 0/624 


tort es 


In several tissues, the ATP dependent activation of formate, in the 
presence of H,yPteGlu, to 10-HCO-HyPteGlu has also been demonstrated 
(Blakley, 1969). The normal physiological role of formyl tetrahydro- 
folate synthetase (formate: tetrahydrofolate ligase (ADP) EC 6.2.4.3) 
which mediates the following reaction, is thought to be the synthesis of 
metabolically active one-carbon units from formate (Goldthwait and 
Greenberg, 1955; Greenberg et al., 1955; Whiteley et al., 1958). 


+ 
NHy 
Eee HCOOH + (-)H,PteGlu + MgATP) —————> 


(-)10-HCO-H,PteGlu + MgADP + P; 


In microorganisms such as Clostrtdtum, the activity of this enzyme is 
consistent with a limited role as it constitutes only a small 
proportion of the protein in soluble extracts (Rabinowitz and Pricer, 
1958, 1962; Nowak and Himes, 1971; Curthoys and Rabinowitz, 1971). In 
Eschertchta colt, Peptocoecus glyctnophtlus and mammalian liver, glycine 
is split by a reaction (Scheme 2, p. 11) involving H,PteGlu and PALP 
yielding as products CO,, NH3 and 5,10-CHj-H,PteGlu (Greenberg et al., 
1955; Kawosaki et al., 1966; Sato et al., 1969a,b; Motokawa and 
Kikuchi, 1969a,b; Motokawa and Kikuchi, 1971; Yoshida and Kikuchi, 
1970; Yoshida and Kikuchi, 1971; Osborne et al., 1960; Klein and 
Sagers, 1966a,b, 1967a,b). Tracer studies involving [2-'*C]glycine 
feeding have indicated that a similar reaction may occur in plants 
(Sinha and Cossins, 1964; Cossins and Sinha, 1966; AeGopnel PE 1964; 
Clandinin and Cossins, 1972) as proposed in the glycollate pathway 
(Wang and Burris, 1965; Miflin et al., 1966; Bruin et al., 1970). The 
significance of this reaction will be discussed later. 


Other sources of one-carbon units may include formaldehyde 
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(Seigel and Lafaye, 1950; Mitoma and Greenberg, 1952), the methy] 
groups of choline (Kuchoffer, 1951; Sakami, 1949; Siekevitz and 
Greenberg, 1950), acetone (Sakami, 1950), dimethylglycine and sarcosine 
(Mackenzie, 1950; Mackenzie and Abels, 1956; Mackenzie and Frisell, 
1958), and the formimino groups of formiminoglutamic acid (Tabor and 


Wyngarden, 1959) and formiminoglycine (Rabinowitz and Pricer, 1956). 


Intereonverston of H,PteGlu Dertvatives 

The enzymes referred to in this section are those utilizing 
derivatives of H,PteGlu as substrates and are summarized in Scheme | 
(p. 3). 5,10-CH,-H,PteGlu, formed from free formaldehyde, C-3 of 
serine (Scheme 1, reaction 1) or C-2 of glycine (Scheme 2, reaction 2, 
p. 11) may be subject to oxidation or reduction. In the presence 
of NADP and 5,10-methylene-H,PteGlu dehydrogenase oxidation may 
occur to 5,10-CH=H,PteGlu (Scheme 1, reaction 2) (Osborne and 
Huennekens, 1957; Uyeda and Rabinowitz, 1967; Wong and Cossins, 
1966; Cossins et al., 1970). Further hydration usually occurs to 
10-HCO-H,,PteGlu (Scheme 1, reaction 3) with the accompanying addition 
of H,0 by cyclohydrolase (Rabinowitz and Pricer, 1956; Tabor and 
Rabinowitz, 1956; Tabor and Syngarden, 1959). The partial purification 
of 5,10-CH,-H,PteGlu dehydrogenase from several sources has been 
accomplished and some of its properties investigated (Ramasastri and 
Blakley, 1964; Donaldson et al., 1965; Yeh and Greenberg, 1965; Dalal 
and Gots, 1967; Cossins et al., 1970). 

The reduction of 5,10-CH,-H,PteGlu to 5-CH3-H,PteGlu (Scheme 1, 
reaction 4) is dependent upon the presence of reduced pyridine nucleo- 


tides and 5,1]0-CH,-H,PteGlu reductase. The reverse reaction can be 
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stimulated by the addition of electron acceptors such as menadione 
(Donaldson and Keresztesy, 1962). Recently it has been shown that 
reduction of 5,10-CH2-HyPteGlu is facilitated by adding FAD in the 
presence of a diaphorase and reduced pyridine nucleotide to the reducing 
system (Katzen and Buchanan, 1965; Clandinin and Cossins, 1972). 
Presumably FADH2 synthesized in such a system is preferentially 
utilized for the reduction of 5,10-CH»-H,PteGlu. Where 5,10-CH,- 
HyPteGlu reductase has been purified up to 100 fold it was clearly 
demonstrated that FADH2 is specifically required as the reductant and 
NADH can only serve as the source of hydrogen when present with FAD and 
a lipoamide dehydrogenase (Katzen and Buchanan, 1965). 

The enzymic synthesis of 5-HCO-HyPteGlu from 5,10-CH=H,PteGlu has 
been reported by Peters and Greenberg (1957) and Greenberg et al. 
(1965). The enzyme catalyzing this reaction has been called 5-HCO- 
HyPteGlu cyclodehydrase. 

Cyclodeaminase activity catalyzing the deamination of 5-HCNH- 
H,PteGlu to form 5,10-CH=H,PteGlu has been purified from C. cylindro- 
sporum and mammalian liver (Rabinowitz and Pricer, 1956; Uyeda and 
Rabinowitz, 1967; Tabor and Rabinowitz, 1956; Tabor and Wyngarden, 
1959). It is not clear yet whether this activity is catalyzed by a 
separate enzyme, as Uyeda and Rabinowitz (1967) have suggested that 
such deaminase activity could not be separated experimentally from the 


cyclohydrolase active protein present. 


Involvement of HyPteGlu Derivatives tn Purine, Pyrimidine, Amino Aetd 


and Protein Biosynthesis 


Rabinowitz and Pricer (1957) have demonstrated that H,PteGlu 
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7 
derivatives are involved in the biosynthesis of carbons 2 and 8 of the 
purine ring. HyPteGlu derivatives are also involved in the intro- 
duction of one-carbon units in the synthesis of thymine, 5- 
hydroxymethylcytosine and 5-methyluridine (Whittaker and Blakley, 1961; 
Flaks and Cohen, 1959; Maley, 1962). 

Several very critical biological roles are fulfilled by derivatives 
of HyPteGlu. Recently it has been discovered that formyl methionine 
plays a primary role in initiating the synthesis of polypeptide chains. 
The formyl donor has been shown to be I10-HCO-HyPteGlu. The enzyme 
responsible for the formylation of methiony1-tRNAY™” has been purified 
(Horikoshi and Doi, 1967; Dickerman et al., 1967). 

ecu cist ceGlur is utilized in all organisms investigated as the 
CH3 donor in the transmethylation reactions which result in the 
biosynthesis of methionine from homocysteine and 5-CH3-Hy4PteGlu 
(Weissbach et al., 1963; Kerwar et al., 1966; Dodd and Cossins, 1970; 
Burton and Sakami, 1969). Dodd and Cossins (1969, 1970) have 
concluded that these derivatives are important as methyl donors in the 
de novo synthesis of methionine during seed germination. This latter 
amino acid is utilized in plant tissue as a methyl donor after it has 
been activated by ATP in the following reaction, 


++ 
2. Methionine + ATP Bs Ber SAM + pyrophosphate + Pj; 


(Mudd, 1960; Davies, 1966). SAM is then utilized as a source of 
methyl groups for synthesis of a variety of compounds including lignin, 
pectin, chlorophyll and quinones (Byerrum et al., 1954; Sato et al., 


1958; Radmer and Bogorad, 1967; Threlfall, 1967). 
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Loealtzatton and Intereonversion of HyPteGlu Derivatives 

lwai et al. (1967) and Okinaka and Iwai (1970) have demonstrated 
that several key enzymes of pteroylglutamate synthesis are localized in 
the mitochondria of plants. It has been further suggested that most 
pteroylglutamate precursors including dihydropteroylglutamic acid are 
synthesized in the mitochondrion and are transported to the cytoplasm 
where further reduction and addition of one-carbon units is thought to 
occur (Okinaka and Iwai, 1970). In contrast to this suggestion, Wang 
et al. (1967) have shown that 10-HCO-H,PteGlu is the major constituent 
of the pteroylglutamate pool of rat liver mitochondria. These authors 
have suggested, on the basis of enzyme studies, that the de novo 
synthesis of methyl groups and interconversion of 10-HCO-H,PteGlu and 
5, 10-CH2-H,PteGlu do not occur in rat liver mitochondria. Sankar 
et al.(1969) have also reported an association of uncharacterized 
pteroylglutamates with mitochondria isolated from mouse liver. In 
preliminary studies with isolated plant mitochondria, derivatives of 
HyPteGlu were detected but their synthesis and physiological signific- 
ance was not examined (Shah et al., 1970). More detailed examination 
of this localization revealed that a considerable metabolism of 
HuPteGlu derivatives occurs in isolated mitochondria (Clandinin and 
Cossins,. 1972). 

Recent work by Tolbert and co-workers (Tolbert, 1962; Tolbert et 
al., 1968; Tolbert et al., 1969; Kisaki and Tolbert, 1969; Bruin et al., 
1970) has resulted in the proposal of schemes for the utilization of 
glyoxylate, glycollate and serine which involve chloroplastic, mito- 
chondrial and peroxisomal compartments within the cell. As these 


reactions are thought to involve at least one reaction of one-carbon 
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metabolism, it is clear that pteroylglutamates and enzymes catalyzing 
their interconversion could be associated to some extent with these 
cellular fractions. Earlier studies from this laboratory (Shah and 
Cossins, 1969; Shah et al., 1970; Shah and Cossins, 1970; Cossins and 
Shah, 1971) have substantiated the involvement and localization of 


pteroylglutamates in the one-carbon metabolism of pea chloroplasts. 


Glyctne and tts Relattonship to HyPteGlu Metabolism 

As previously mentioned, it has been clearly demonstrated by 
several lines of evidence that the a-carbon of glycine is converted to 
the B-carbon of serine in rat liver (Kikuchi and co-workers: Kawasaki 
et al., 1966; Sato et al., 1969a,b; Motokawa and Kikuchi, 1969a,b; 
Motokawa and Kikuchi, 1971; Yoshida and Kikuchi, 1970; Yoshida and 
Kikuchi, 1971). Similar data have been obtained for bacteria (Osborne 
et al., 1960; Nash, 1953; Van Slyke et al., 1971) and plants (Bruin et 
al., 1970; Kisaki et al., 1971; Clandinin and Cossins, 1972; Prather 
and Sisler, 1972). Extensive study and purification of the enzyme 
system from Peptococcus glyctnophtlus, which catalyzes the labilization 
of the glycine carboxyl group, has been accomplished by Klein and 
Sagers (1966a,b, 1967a,b). These workers have also made detailed 
observations on the properties of the four protein subunits (P;, Po, 


P;, Py) involved in the overall reaction (Scheme 2, p. 11). 


Kikuchi and co-workers have shown that the most significant 
pathway of glycine metabolism in human (Yoshida et al., 1969; Tado et 
al., 1969) and rat livers (Yoshida and Kikuchi, 1970) is the direct 


cleavage of glycine to form 5,10-CH2-H,PteGlu, CO, and ammonia followed 


by subsequent oxidation of the C-I unit to C02 in the mitochondria. 
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These authors consider the physiological catabolism of serine in rat 
liver, to proceed mainly by way of preliminary elimination of the C-3 of 
serine at the hydroxymethyl level of oxidation to produce 5,10-CH2- 
HyPteGlu and glycine followed by further oxidation to yield C0. as the 
final product. In contrast, Reichert et al. (1962) have demonstrated 
considerably higher activity of the glycine cleavage reaction in avian 
liver than in rat liver, but very little oxidation of the a-carbon of 
glycine to CO, could be shown. Yoshida and Kikuchi (1971) have 
demonstrated that in avian liver the oxidation of >, 10-CH,-H,PteGlu 

to CO, is severely limited by low activity of 10-formy!-H,PteGlu NADP+: 
oxidoreductase and have further suggested that the C-1] unit is drawn 
off for other syntheses in this tissue such as positions 2, 5 and 8 

of uric acid. 

In plant tissues, Kisaki et aZ. (1971) have reported the 
localization of glycine decarboxylase in the mitochondria of photo- 
synthetic tissue, a finding quite compatible with the pathways of 
glycollate metabolism proposed by Tolbert and co-workers (Tolbert, 
1962; Tolbert et al., 1968, 1969; Kisaki and Tolbert, 1969; Bruin et 
al., 1970).° These latter workers have proposed that the physiological 
significance of glycine decarboxylase in the mitochondrion of photo- 
synthetic tissues is in the generation of CO, of photorespiration and 
subsequent transhydroxymethylation to produce serine. In direct 
contrast to this proposal, Zelitch (1972) does not believe that the 
stoichiometry of the pathway could release sufficient C0, to account 
for the known rates of photorespiration and therefore suggests that 
glycollate is a more immediate precursor of the CO. arising in photo- 


respiration. Consistent with this, Zelitch (1972) has demonstrated 
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SCHEME 2 
Reactions of Glycine Cleavage 
Interrelationships and reactions of the four protein subunits 


(P1, Po, P3, Pu) in the glycine cleavage sequence, described by Klein and 


Sagers (1966a,b; 1967a,b), in Peptococeus glyetnophilus. 
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that glycine, in tobacco leaf tissue, is not a mandatory precursor of 
the large quantities of C02 arising during photorespiration. 

In germinating cotyledons (a non-photosynthetic tissue) Clandinin 
and Cossins (1972) have demonstrated that [2-!"C]glycine is apparently 
split when fed to isolated mitochondria with subsequent incorporation 
of radioactivity into serine and methionine as well as labelling of 
formyl and methyl derivatives of tetrahydropteroylglutamic acid. 
Similarly these authors have demonstrated the incorporation of radio- 
activity from [3-!"C]serine into glycine by isolated mitochondria, 
indicating that the glycine splitting reaction in this tissue may operate 


to some extent in the direction of glycine synthesis. 


The Present Investitgatton 

Numerous aspects of the C-1 metabolism of germinating Pisum 
sativum L. cultivar Homesteader seeds have been investigated in this 
laboratory (e.g. Cossins and Sinha, 1965; Wong and Cossins, 1966; Dodd 
and Cossins, 1968, 1969, 1970; Roos et al., 1969; Cossins et al., 1970; 
Roos and Cossins, 1971; Shah and Cossins, 1970; Sengupta and Cossins, 
1971). Consequently this tissue was selected for the present 
investigation. 

In order to assess the possible involvement of mitochondria in the 
one-carbon metabolism of plant tissues, the occurrence and 
interconversion of pteroylglutamate derlvatives In this organelle, 
isolated from germinating pea cotyledons, have been examined. Several 
reactions that are likely involved in the generation of methyl groups 
for the biosynthesis of methionine were also examined in the present 


studies. As the occurrence and physiological significance of glycine 
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cleavage in isolated mitochondria is not clear, the present work has 
examined some of the properties of this glycine decarboxylase and its 
bicarbonate exchange reaction, in relation to the pteroylglutamate pool. 
The reaction as a potential source of C-1] units has also been considered. 
Some aspects of the regulation of the compartmented biosynthesis of 
5-CH3-H,PteGlu will be discussed. The subsequent transmethylation 
reactions involved in the biosynthesis of methionine and S-adenosy1-L- 


methionine within the mitochondria are also examined. 
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MATERIALS AND METHODS 


MATERIALS 


Chemicals. [**C]Formaldehyde, sodium ('*c]formate, [2-!*c]- 
PteGlu acid, [methyZ-'*C]-5-CH3-H,PteGlu, [2-*"*c]glycine and 
L- [3-1"c]-serine were purchased from Amersham-Searle Corporation, 
Ves Plaines, Ttlinois, U.S.A... the’ purity of these labelled 
compounds was checked by column and thin layer chromatographic 
techniques described in the Methods section. Other chemicals, of 
the highest quality commercially available, were purchased from 
Nutritional Biochemicals Corporation, Cleveland, Ohio, U.S.A., 
Sigma Chemical Company, St. Louis, Mo., U.S.A., and Fisher 
Scientific Co., Edmonton. Tetrahydrofolic acid was purchased 
exclusively from Sigma Chemical Company. Scintillation grade 2,5- 
diphenyloxazole (PPO) and 1,4-bis-[4-methy1-5-phenyloxazol-2-y1) - 
benzene (dimethy!] POPOP) were purchased from Nuclear-Chicago, 


Des Plaines, Illinois, U.S.A. 


Plant material. Seeds of Pisum sativum L. cultivar 
Homesteader were soaked in deionized water at 25°C. After 30 min, 
seeds that had begun to imbibe water were discarded and the remainder 
were allowed to complete imbibition for a further period of 7h. Fully 
imbibed seeds were then selected ara germinated in moist vermiculite 
in darkness at 25°C for 88 h. Moist vermiculite was added to the flat 
to approximately two inches above the level of the seed to ensure 
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complete coverage of the radicle during germination. After germination, 
the radicle, root and testa were removed from the seed leaving only the 
cotyledon, which was then rinsed with distilled water ,weighed and 


chilled in a beaker placed on crushed ice. 


METHODS. 

Homogent zatton and preparatton of particulate fraction. All 
Operations were carried out at 2-4°C. Samples of cotyledons (150 g) 
were homogenized by hand in a meat grinder with 300 mls of 0.1 M 
potassium phosphate buffer (pH 7 at 5°C) containing 0.5 M sucrose. 
Radioactive samples were homogenized with a mortar and pestle. The 
homogenate was passed through six layers of cheesecloth and subjected to 
differential centrifugation as shown in Scheme 3 (p. 16). 

The final pellet was suspended in the extraction buffer to a final 
volume of 6.2 mls and aliquots of | ml were layered on each of six 
discontinuous sucrose density gradients. Each density gradient 
consisted of nine layers and was prepared several hours earlier at 4°C 
by pipetting in sequence: 1 ml of 77.2%, 0.5 ml of 67.6%, 1 ml of 64.5%, 
Benilmorrola52y03 ml On 5005%,..0,5sml-of 522/2,80.5 mlyofe4/ 4.2 Uso imo 
40%, and 2 ml of 26.4% (w/v) sucrose. The gradients, contained in a 
SW-40 Spinco rotor, were centrifuged at 40,000 rev/min (199,000g at 
Ray.) for 190 min in a Beckman Spinco Model L2-65B Ultracentrifuge 
(Beckman Instruments, Inc., Palo Alto, California, U.S.A.) and 
decelerated without braking. Preliminary studies utilized a continuous 
sucrose density gradient (20% to 60%) centrifuged at 23,000 rpm in a 
S.W. 25./rotor for 4h. Fractions were collected from the bottom of 


the tube in a cold room at 2°C, as shown in Table 1. Subsequent 
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Scheme 3 
Preparation of particulate fractions by differential 


centrifugation 
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Table 1. Protein content, volume and sucrose concentration of 


fracttons collected from the sucrose density gradtent 


Volume of Sucrose Conc. Protein 
Fraction fraction (mls) (mol) % Distribution 

l Pee 2226 rice. 
2 Uae Jes shi a 
3 3.0 hail Seicre) 
4 Sa 1.71 Bey) 
5 1.0 1.46 22.8 
6 055 1.14 2.9 
7K 3.0 0.68 11.6 


* Uppermost fraction of the gradient. 

The percentage distribution of protein within the gradient is the 
mean of three separate analyses, run in duplicate. Fraction 5 was 
found to contain a mean of 253.9 ug of protein/g fresh weight of 


cotyledons extracted. 
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enzyme assays were performed immediately. Protein was measured by the 
method of Lowry et al. (1951) using crystalline egg albumin as a 
reference standard. 

Enzyme assays. Spectrophotometric assays were conducted using 
a Beckman DB recording spectrophotometer (Beckman Instruments Inc., Palo 
BltowcalitormiassUsson.). 

Fumarase (EC 4.2.1.2) was assayed by the method of Massey (1955), 
which is based on the high ultraviolet absorption of fumarate, malate 
by comparison having an almost negligible ultraviolet absorption. The 
complete assay system contained: enzyme, 0.017 M sodium fumarate and 
0.033 M potassium phosphate buffer (pH 7.3), in a total volume of 3 mls. 
One unit of activity is defined as the amount of enzyme causing an 
initial rate of change of log (Io/I) at 300 nm of 0.01 per min at 20°C 
ande pie .3. 

Succinic dehydrogenase (EC 1.3.99.1) was assayed by the colori- 
metric method of Hiatt (1961). This method follows the rate of 
reduction of sodium 2,6-dichlorophenolindophenol utilizing N-methy] 
phenazonium sulphate as the final electron acceptor. The complete 
assay system (final volume 3 mls) contained: 0.05 M potassium phosphate 
buffer (pH 7.4),0.04 M sodium succinate, 0.01 M potassium cyanide, 0.03 
mM sodium 2,6-dichlorophenolindophenol, 0.3 mg/ml N-methyl phenozonium 
sulphate and enzyme. Enzyme activity was insignificant when succinate 
or N-methyl phenazonium sulphate was omitted. 

One unit of enzyme activity is defined as the amount of enzyme 
which will cause a decrease of 0.01 per min at 600 nm in log (Io/T) 
under the conditions specified by Hiatt (1961). 


Catalase (EC 1.11.1.6) was determined by following the rate of 
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disappearance of H202 at 240 nm. The reaction was carried out at 25 ¢ 
in 0.05 M potassium phosphate buffer (pH 7). The optical density of 
the substrate solution was initially 0.54. A change In log 
(Ip/I) 249 from 0.45 to 0.40 corresponded to the decomposition 
of 3.45 umoles of H209 in 3 mls of solution. 

Peroxidase (EC 1.11.1.7) activity was assayed by the method of 
Gregory (1966). The complete assay system contained: enzyme, 0.033 M 
sodium citrate buffer (pH 5.3), 0.02 ml of a saturated solution of 
benzidine in ethanol, 0.33 mM ascorbic acid and 0.066 M H20. in a total 
volume of 3 mls. A sudden development of blue color indicated the 
complete oxidation of ascorbic acid. The unit of activity is expressed 
as Umoles of ascorbic acid oxidized per min. 

Glycollate oxidase (EC 1.1.3.1) was assayed by the method of 
Zelitch and Ochoa (1953), which utilizes the anaerobic reduction of 
2,6-dichlorophenol indophenol. The complete reaction system contained: 
0.2 M pyrophosphate buffer (pH 8.3), 0.1 mM dichlorophenol indophenol, 

2 mM potassium cyanide, 0.2 mM NH,OH, 0.07 mM FMN, 5 mM sodium 
glyoxylate and enzyme, in a total volume of 3 mls. After mixing, the 
solution in the cuvette was covered with a layer of toluene. One 
enzyme unit is defined as the amount which causes a decrease in log 
(Ip/I) of 0.01 per min at 620 nm. 

Serine hydroxymethyltransferase (EC 2.1.2.1) was assayed by the 
method of Taylor and Weissbach (1965). This method is based on the 
principle that since the radioactive C-1 unit of 5,10-CH2-H,PteGlu 
readily equilibrates with carrier formaldehyde, it can be trapped as 
the 5,5-dimethyl-1,3-cyclohexadione adduct and measured. The complete 


reaction system contained: 0.1 umole L-[3-1*C]serine (1 uCi/umole) , 
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0.1 pmole PALP, 30 umoles potassium phosphate buffer (pH 8.3), 1.76 
Hmoles HyPteGlu, 1 umole 2-mercaptoethanol and enzyme in a total volume 
of 1 ml. Reactions were initiated by addition of substrate at 37°C and 
terminated 30 min later with 0.3 mls of 1 M sodium acetate (pH 4.5), 0.2 
ml of 0.1 M formaldehyde and 0.3 ml of 0.4 M 5,5-dimethyl-1,3-cyclo- 
hexadione in 50% (v/v) ethanol. The HCHO-dimedon derivative was formed 
by heating for 5 min at 100°C, then extracted with 3 mls of toluene and 
counted. 

N°,N*°-methylenetetrahydrofolate dehydrogenase (EC 1.5.1.5) was 
assayed by the method of Cossins et al. (1970). The complete assay 
mixture contained: 0.01 M potassium phosphate buffer (pH 7.5), 12.5 
moles formaldehyde, 0.8 umoles H4PteGlu, 50 umoles 2-mercaptoethanol, 
1.8 umoles NADP and enzyme in a final volume of 3 mls. The reaction 
was initiated by the addition of NADP and the change in absorbance at 
340 nm was followed continuously. 

N:°-formyltetrahydrofolate synthetase (EC 6.3.4.3) was assayed by 
the method of Hiatt (1965). When this enzyme was to be assayed, the 
extraction buffer included 10 "M glutathione and 10 °>M 2-mercaptoethanol 
as additional constituents. The complete reaction system contained: 

100 umoles triethanolamine buffer (pH 8), 150 umoles TRIS-formate (pH 8), 
2.5 umoles MgCl>, 200 umoles KC1, 4 wmoles H,PteGlu, 2 wmoles ATP and 
enzyme in a total volume of 1 ml. After incubation for 20 min at 30°C 
the reaction was stopped by the addition of 2 mls of 0.36 N HCl. The 
absorbance at 355 nm was measured and the amount of 5,10-CH,=H,PteGlu 
formed was calculated from the extinction coefficient of 22x10° cm? 
per mole (Bertino, 1962). Because the activity of this enzyme was 


found to be variable between extractions, its activity was further 
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checked by microbiological assay of the N?°-formy1] derivative formed. 

In such assays, the reaction system of Hiatt (1965) was used with the 
following modifications; instead of treating the reaction system with 
HCl, the pH was raised to 12 by addition of 5 M KOH followed by heating 
for 2 min at 60°C to convert 10-HCO-H,PteGlu to 5-HCO-H,PteGlu and 
oxidize HyPteGlu remaining in the reaction system. The levels of 
5-HCO-HyPteGlu were then determined microbiologically using P. cerevistae 
as described below under 'microbiological assay of pteroylglutamates'. 

Electron microscopy of tsolated particles. Fractions of the 
sucrose density gradient were embedded in agar and fixed at 2°C with 4% 
(v/v) Ladd glutaraldehyde in 0.01 M potassium phosphate buffer (pH 6.8) 
containing 50% (w/v) sucrose. The agar segments were then post-fixed 
in unbuffered 1% (w/v) 0s0, for 30 min. The segments were dehydrated 
in an acetone series and embedded in epon. During dehydration, the 
particulate material was stained for 5 h in 70% (v/v) aqueous acetone 
containing 1% (w/v) uranyl nitrate. Sections were prepared on a 
Reichert Om U2 ultramicrotome using a Dupont diamond knife. Light gold 
sections were mounted on 200 mesh grids and stained with aqueous lead 
citrate for 3 min (Reynolds, 1963). The grids were then examined with 
a Phillips EM 200 electron microscope at 60 kV. 

Resptratory-control determinations. Determinations of ADP/0 
ratios were performed with a YS! model 53 Biological Oxygen Monitor 
(Yellow Springs Instrument Co., Yellow Springs, Ohio, U.S.A.) with 
succinate and a-ketoglutarate as substrates (Chance and Williams, 1955, 
1956) . 

The ratio, between a known amount of ADP (250 nmoles) added to the 


reaction mixture and the amount of oxygen utilized during esterification 
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of ADP to ATP, was calculated at 25°C from the cycle following the second 


addition of ADP. The complete reaction mixture as described by Malhotra 
and Spencer (1970) contained: 0.96 umoles mannitol, 12 pmoles MgClo, 15 
umoles potassium phosphate, 150 mmoles TES (pH 7.2), 24 wmoles substrate 
and mitochondrial protein in a total volume of 3.2 mls. When a-ketoglu- 
tarate was the substrate 15 umoles of malonate and 250 nmoles TPP were 
also added. 

Mterobtologtcal assay of pteroylglutamates. Pteroylglutamates 
were assayed by the ‘aseptic plus ascorbate! technique of Bakerman (1961), 
by using Laetobactllus caset (ATCC 7469), Streptococcus faecalis (ATCC 
8043), and P. cerevisiae (ATCC 8081). Standard reference curves were 
constructed by using PteGlu and 5-HCO-H,PteGlu. The lactic acid pro- 
duced after 72 h at 37°C was titrated and used as a measure of bacterial 
growth (Freed, 1966). Correlation of the titration values to standard 
reference curves, constructed with PteGlu and 5-HCO-H,PteGlu, allowed 
determination of the concentration of derivatives before and after 
incubation of extracts with pea cotyledon y-glutamyl carboxypeptidase 
(Roos and Cossins, 1971). 

Chromatography of pteroylglutamate derivatives. Column 
chromatography of pteroylglutamate derivatives was performed on DEAE- 
cellulose columns (20 cm x 1.8 cm) by using a continuous concentration 
gradient of potassium phosphate buffer (pH 6) in the presence of 
ascorbate (Roos et al., 1968; Roos and Cossins, 1971). Pteroyl- 
glutamate derivatives were identified using the basic criteria of 
differential growth response described earlier (Sengupta and Cossins, 
1971; Roos and Cossins, 1971; Cossins and Shah, 1971). Generally 


L. caset requires low concentrations of PteGlu or its derivatives for 


growth, whereas S. faecalis requires a higher concentration of PteGlu, 
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HyPteGlu, formyl substituted derivatives of HyPteGlu, or pteroic acid to 
sustain growth. P. cerevtstae has a specific requirement for formy1 
derivatives of H,PteGlu and will not grow on methyl derivatives. The 
degree of relative growth response on different derivatives for either 
organism is not equivalent and has been summarized in part by Rohringer 
et al. (1969). 

Solubtltzatton of mitochondrial pteroylglutamates. After 
fractionation of the sucrose density gradient, mitochondrial fractions 
were immediately subjected to various solubilization treatments. These 
included (a) sonication at full amplification with a Model BPO Fisher 
Ultrasonic Generator (Blackstone Ultrasonics Inc., Sheffield, Pa., 

U.S. Aetfonet min sate4°¢; alb)rrthree afoldedilutionavith 1% r(w/w) 
potassium ascorbate (pH 6), and incubation with 2% (w/v) sodium 
deoxycholate for 30 min at 4°C; (c) three fold dilution with 1% (w/v) 
potassium ascorbate (pH 6); (d) sonication for 1 min followed by 
treatment with 2% (w/v) deoxycholate for 30 min at 4°C; and (e) treat- 
ment with 2% (w/v) deoxycholate without dilution. After such treat- 
ments, the fraction was placed over a concentrated sucrose layer and 
centrifuged in a Spinco SW 40 rotor at 30,000 rev/min (119,000g at 
Ray.) for 20 min. Pteroylglutamate content of the sedimented and 
soluble fractions, from this step, was then assayed microbiologically 
with L. caset and P. cerevisiae. 

Carbon-14 feeding experiments. One hundred seeds, selected 
after the first 30 min of imbibition, were allowed to imbibe 20 uCi of 
[methyl-!"C]-5-CH3-HyPteGlu acid (61 wCi/umole), or 25 uCi of [2-'*c]- 
PteGlu (55.3 uCi/pmole). After uptake of the isotope the seeds were 


allowed to complete imbibition in water as before and germinated in 
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petri dishes for 88 h on moist filter paper in darkness at 25°C. 
Counting of radioactive samples. Radioactive samples were 

counted in a liquid scintillation counter (Nuclear-Chicago Corporation, 
Unilux 11 model). Aliquots (50-200 u1) of the radioactive solutions 
were counted in 15 mls of fluor containing 6.5 g 2.5-diphenyloxazol 
(PPO) and 0.65 g 1,4-bis [2-(4-methy1-5-pheny loxazoly1) ]benzene 
(dimethyl POPOP)/1 of dioxane:anisole:dimethoxyethane (6:1:1 by volume). 
The counting efficiency was 78% as determined by calibration with a 
['*c]toluene internal standard. All counts were corrected for back- 
ground (22 cpm) and were only regarded as significant if at least 
three times this level. 

Radioactive samples absorbed in hyamine hydroxide were counted in 
15. mls of Bray's solution (Bray, 1960) at similar efficiencies. 

Btosynthests of pteroylglutamates ‘itn vttro'. Aliquots of 

the mitochondrial fraction (approx. 1 mg protein) were incubated at 
35°C for 20 min with 4 nmoles H,PteGlu under buffered conditions. The 
specific quantities of substrates and adenine nucleotides added to the 
reaction system in the various experiments and their controls are given 
in the appropriate tables. Reduced FAD was generated in situ by 
incubation with diaphorase (lipoic dehydrogenase, Sigma Chemical Company) 
and NADH or NADPH (Figure 1) for 10 min at 35°C before addition of 
mitochondrial protein. Diaphorase activity was routinely verified by 
following the oxidation of NADH at 340 nm (Figure 2). Decreases in 
log (Io/I) 340 were shown to have absolute requirements for diaphorase 
and FAD. 

The biosynthesis of pteroylglutamates was terminated by boiling 


the reaction system for 2 min after addition of 1 ml potassium 
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FIGURE 1. Spectrophotometric scan of the reaction components utilized for the 


in vitro synthesis of FADH2. The components were scanned in 40 mM 


potassium phosphate buffer (pH 7.4), containing 8 nmoles H,PteGlu per ml. 
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FIGURE 2. Oxidation of NADH by diaphorase. The complete reaction mixture contained: 


0.3 units lipoamide dehydrogenase, 24 umoles FAD, 24 umoles NADH, 4 nmoles 
HyuPteGlu and 40 umoles potassium phosphate buffer (pH 7.4) in a total 
volume of 3 mls. The FAD dependent oxidation of NADH and concomitant 


reduction of FAD to FADH2 were monitored by following the decrease in 


optical density at 340nm . 
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ascorbate (1.2% w/v, pH 6). Aliquots containing approximately 1 ug of 
pteroylglutamates, were then chromatographed on DEAE-cellulose. 
Fractions from the columns were assayed for !"C and the presence of 
pteroylglutamate derivatives was verified by L. caset growth response. 
Chromatography of labelled free amino acids. Amino acids 
formed from "C-labelled substrates were separated using a Beckman 
Automatic Amino Acid Analyzer Model 121 (Beckman Instruments Inc., Palo 
Alto, California, U.S.A.) equipped for stream division of the column 
effluent (Clandinin and Cossins, 1972). Before such analysis, a portion 
of the reaction system was passed through a column of Dowex 50W-X8 
(H* form) 100-200 mesh (BioRad Laboratories, Richmond, California, U.S. 
A.). The column was then washed with deionized water and the amino 
acids eluted with 2 N HCl. After removal of the HCI tm vacuo on a 
Buchler flash-evaporator, the amino acids were dissolved in 0.2 M 
citrate buffer (pH 2.2) and subjected to chromatography. Acidic and 
neutral amino acids were eluted from a 54 cm bed of Beckman Spinco P.A. 
28 resin using a pH 3.15 and 4.22, 0.2 N citrate buffer system. Basic 
amino acids were eluted from a 12 cm resin bed of Beckman Spinco P.A. 
35 using 0.38 N citrate buffer (pH 5.25). The reagent buffers were 
adjusted to their respective pH values at 23°C, and elution was carried 
OUE at 53°C, at a flow rate of 70 ml/h. Radioactive peaks were 
identified by co-chromatography with internal standards. Radioactive 
amino acid peaks were further identified by thin layer chromatography 
on 20 x 20 cm Silica Gel GF plates (Mandel Scientific Co., Montreal, 
Quebec, Canada) using phenol:water (3:1 v/v) and propanol:water (7:3 


v/v) as solvent systems (Table 2, Plates 1 and 2) 


adios onims " ehonaees tie tiie te tinea 
nemtosé 6 pnizy beseisqse sisw e9ier72du2 bal tedei-2"! a tae 
ol6% ,.anl edasmuisen) nepiloes) (Sf leben necylind WiSA oni givenctun. rk | 
nmulos sz Io oteivib mesit2 Tot beaqiups (.A.2.0 .simotits2 1O2TA- 
noigvoq 6 ,2heyleds dove sio%ss .(STel ,enizeo) bre ni nibreld) sme 
8x-w0? xewod to nmujoo 6 dpuo7ds bszasq zew metaye aoliass1 nf 
24 ,slavotiled ,bnémisif ,2eiror ods!) beAot@) rasm 608~001._ (m9 *) 
onime eft bre 1s3ew besinoish dviw bedzsw netis zew nmutoo. sAT They 5 
6 no owooy st fIH os To Ievomss yo7tA .f9H WS Adi boris ebirs 
M-S.0 ni beviozelb svgw ebics onime ait , 107%c x0geve-Hesl? sel rioua 7 


‘ : tan 
bne aibi2A .ydqerpoemorirls of betasidve bis (8.8 Hq) 19Mtud esenzia 


A..F ostige nemide8 Yo bed mo #2 & mod? bstuls S19w abios onims isljusq 7 


24268 .moveye tettud stsisto WSO ,SS.4 bone 2I.€ Hq 5 eniew nies 8s 
.A,9 oanig? namined to bad’ ni 207 ‘Wid: Si 6 mov? betuls s1sw ebiss onlme : iy, 
s79w e7sttud jnegsst sdT .. (48/2 Hq) istlud steqsio W BE.O pores 2€ 
boiiies 2ew noitule bre .o°€S te eeUisy Hq svisosqeey tiani of -beteulbe 
9713W = avitosoibsA .A\ Int OY 76 ster wolt 6 t6 2°E2 26 3u0 
heared beltisnebi_ 
bi ysriz4Ut stew ater ) bia vata . 


conan a lai ly barely. hte eee | Sx 08 n ' 


a sa ¥ 

te : niau { d «be 

t:¥) ~ 3) er sip en rn aor « 
289619 «8 af det) apa 


ice at 


if 
a 
a 4 
ay 
is 


ee uy aor . 


28 


(ownyor Aq €:€:9:g) OFH:ploe Diw4oy Sauojzey [AYZo| AYZoUW: |OUR ING-u 


(aunj;oa Aq €:/) 407em: jouedoid-u 


(ewun,or Aq [:€) O%H: Loueud 


€ JUSAIOS 
Z }UeAIOS 


| }PUeALOS 


‘ojyown |°O - 10°0 sem 


wesBboyewos1ys oy} 0} poljdde JUunowe 9y} pue sx{qissod saAadseyM 497eM U! P2A[OSSIP 248M SpuNodWwOd sy, 


€79°0 3 

/gl°0 2 099°0 
99L°0 
S49 °0 
S79 °0 
055’°0 
SL4°0 
994 °0 
94717 °0 
9Z£°0 
ely 0 
SyL°0 
00£°0 
€€4’°0 
98S°0 
995°0 
09z°0 
9047 °0 
Lt4°0 


694°0 3 


Sa Thee) 


oy/ 0 3 


£69°0 
£69°0 
98Z°0 
9gZ°0 
4gL°O 
Lel20 
coo 0 
L£19°0 
S09°0 
ee 8) 
eee 
E20 
285 °0 
169°0 
09L°0 
09€°0 
165 °0 
4£9°0 


0917 °0 3 


LEGO ss 


€4Z°0 
€61°0 
756°0 
796.0 
HILO 
€19°0 
668 °0 
£68 °0 
ZHE°0 
L64°0 
258 °0 
£28 °0 
ESO 
868 °0 
558 °0 

Onl 
SL ea 
7£8 0 


au1a3Sh) 
azeqiuedsy 


9U0}De|0!14}-9U!19} SAD0WOH 


2u 1902 SADOQWOH 
sulsaes Aug 


auiuas ,Auew 


aul uossuy 


aU 1419SOWO} 


aut} SADOWOH 
auoydins auluoly.ey 
auiuo!lyzow| Ay} ew-10 
epixoudins euluolyzey 


QUIAaS 
azyewejN|y 
@u!1U01U OW 
SuIpIIs!y 
QUIDA[H 
auyue ly 


PUSAIOS 


fiydoxrboyzouoryo soho] u1y2 02 peqoalqns spiop outmuo snoripa dof sanjzva Jy fo hxnuung ‘2 31aVl 


_ 
a 
a 
a 
a 
a 


_ 


-a & " er | 


es. 


eailo 3 £08.0 


iapipos anoins oft oO? bai lqae jnuoms 2nd ‘bne sfdiezog isvetsdw stew af bsvioezib sisw ebnveqmad ont 

| .afomy 1.0 - 10.0 26w 
(amufov yd 1 s€)} OcH:fonedg = f ausytoz 

(amufov yd €2€:8:8) OsHibios oinmo? jenoded Hyddetydaemn: fonsdudes = S tnevio® 

& | (anuiov yd €:%) 1eiew:lomsqorg-n = & tnevio® 


bavet ios shina -cttion % oolte1eQe2 Sit to 31 poner vd .! 3TASS 
. “(v\w 138) Os: Forti, 
al aivbydatoa WNW #2.0-¢> iw bays7gq2 stew éetete uP SAT 
hoysrqe yiinsupsedue bra 2?0e is yfisiid bamew qadz srojose 
s23oqe bavolos of) sxilidsi2 oF stadagfue auotedoin $2.0 ctiw 


S18 Jain ot sta! mu7? Lawely 2oide_Omiiie BAT 

seninotazem yonibideid ,ontayly , salve? vaphnals 

anine ivttom entre tins manthe (ithe! cenl 7 oR tyittom 
sontnsehtae “Oi TH eGqest eee 


Vand +a 


| peeks 
eWe7 
e “ae 7 
) we : 


es : 


ai - v 7 i : 
ils » Ain y a i 
} Wi 


a ot 


es Tw hate leon ahins ohlite h fists ys) i os 3TAs 
M (wiy fs WOH f 

_ ms 0s —_ Pneott afevi'az afd Boe. woken 2, agin dha 

Io nolisaiib oA sstealba) wort oft gio 46) at ard 


ry 


-fovent ss 
some Inpiy oF Tol moi? SaWaiy eh tn, a ane. : 
pa <antnoidien ,amlbiseia ,oniavie , an 7 
2 abixanqiue eat pivitae yanivse .sisnetute. z= 
en inosiit southamecn esnorgiue eainolAgem 5 


=, 


etl 


PLATE 1. An example of the separation of amino acids achieved with 
phenol :H20 (3:1 v/v). 
The TLC plates were sprayed with 0.5% w/v ninhydrin in 
acetone then warmed briefly at 90°C and subsequently sprayed 
with 0.5% nickelous sulphate to stabilize the colored spots. 
The amino acids viewed from left to right are: 
alanine, serine, glycine, histidine, methionine, 
methyl] serine, methionine sulphone, methionine 


sulphoxide, homoserine and threonine. 


PLATE 2. An example of the separation of amino acids achieved with 

n-propanol:H,0 (7:3 v/v). 
The line of origin is marked and the solvent front was 20 cm 
from the origin. The arrow indicates the direction of 
solvent travel. 
The amino acids viewed from left to right are: 

alanine, glycine, histidine, methionine, 

glutamate, serine, methionine sulphoxide, 


methionine sulphone, homoserine, threonine. 
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Assay of glycine decarboxylase and the bicarbonate exchange 
reactton. The exchange of bicarbonate with the carboxyl carbon of 
[1-"*c]glycine was assayed by essentially the system of Sato et al. 
(1969) with the following modifications. Reactions were carried out 
aerobically, (20% 0.) except in experiments where the effects of 05 
tension were tested. The reaction components, in stoppered Warburg 
manometric flasks, were incubated at 37°C for 30 min. The complete 
reaction system (2 mls) consisted of: 10 umoles [1-?"*C]glycine (0.05 
UCi/umole), 1.5 Umoles PALP, 10 umoles dithiothreitol, 100 umoles 
Tris-HCl buffer (pH 7.8), 60 umoles sodium bicarbonate, 1 mmole sucrose 
and aliquots of mitochondrial fraction. 

The reaction was stopped and the '*CO» liberated from the solution 
by addition of 0.3 mls of 4N H2SO,4 tipped from the side arm of the 
flask. The CO» liberated was absorbed by 0.4 mls of 50% (v/v in 
methanol) hyamine hydroxide previously placed in the center well of the 
flask. CO. was absorbed for 45 min while the flask was agitated at 50°C 
in a shaker bath. The contents of the center well were then counted 
in 15 mls of Bray's solution. 

Glycine decarboxylase assay was carried out under the same 
conditions, except that 1.25 umoles of NADt and 2 nmoles of H,PteGlu 
were added while bicarbonate was omitted. 

Variations of these two reaction systems and their controls are 
specificially described in their respective tables and figures. 

Extraction of 5-CH3;-HyPteGlu methyltransferase catalyzing the 
biosynthesis of methionine. The mitochondrial fraction purified as 
previously described was subjected to ammonium sulphate fractionation 


as described by Dodd and Cossins (1970). The mitochondrial fraction, 
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contained in a volume of 10 mls, was raised to 20% of saturation by 
addition of solid (NH,).S0, at 4°C. After continuous stirring for 30 
min, the precipitated protein was removed by centrifugation (10,000g 
for 10 min). The supernatant was then raised to 60% of saturation and 
stirred for 30 min before removal of the precipitated protein. This 
20-60% protein fraction was dissolved in 10 mls of 0.05 M potassium 
phosphate buffer (pH 6.9) containing 5 mM 2-mercaptoethanol and passed 
through a column of Sephadex G-25 (1 x 5 cm). The resulting solution 
was used for assays of methyltransferase activity. 

Assay of methyltransferase activity. The reaction systems 
used to assay the homocysteine-dependent methyltransferases have been 
previously described (Dodd and Cossins, 1970). The standard reaction 
mixture in a total volume of 0.5 ml contained: enzyme fraction (1 mg 
protein), 1 umole L-homocysteine, 1.6 mumole [methyl-'*C]-5-CH3-H,PteGlu 
(2.0 x 10° dpm) or SAM-[methyZ-1*c] (1.82 x 10° dpm) and 50 umoles 
potassium phosphate buffer (pH 6.9). After incubation at 30°C for 60 
min, the reaction was terminated by rapid cooling in an ice bath. An 
aliquot (0.1 ml) of the chilled reaction mixture was placed on a column 
(0.5 x 2.5 cm) of Dowex AGI-X10 (Cl” form) resin when 5-CH3-HyPteGlu 
was the methyl donor or when labelled SAM was the methyl donor the 
aliquot was applied to a similar column containing Dowex 50W-X8 resin in 
Lit form (Abramson and Shapiro, 1965). The [methyl-'*C]methionine 
synthesized was eluted with five washings, each of 0.2 ml distilled 
water, and collected directly in a scintillation vial for counting. 

One unit of enzyme activity is defined as the amount of enzyme 
producing | umole of methionine in 1 min at 30°C under the reaction 


conditions described. 
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Assay of homoserine transacetylase or homoserine trans- 
suectnylase. The principle of this assay method is based upon the 
method of Nagai and Kerr (1971), and the fact that O-acety Ihomoserine 
(or O-succinylhomoserine) formed in the following reaction is converted 
by mild alkaline treatment to N-acetylhomoserine. N-acetylhomoserine 
can then be readily separated since it is not retained by Dowex 50W-X8 
in HY form. 

3. L-homoserine + S-acetyl-CoA + O-acetyl-L-homoserine + CoA 

4. L-homoserine + S-succinyl-CoA > O-succiny]l-L-homoserine + CoA 

The complete assay system in a total volume of 0.5 mls contained: 
50 umoles potassium phosphate buffer (pH 7.5), 0.5 umole S-acetyl-CoA 
(or S-succiny]-CoA), 50 nmoles [U-!*C]-L-homoserine (1 uCi/ymole) and 
3 to 4 mg protein of the mitochondrial fraction. The reaction mixtures 
were incubated at 37°C for 30 min then stopped by adding 50 ul of 1.5 M 
trichloroacetic acid. The precipitate was removed by centrifugation 
and 250 ul of the supernatant was transferred to another tube containing 
100 ul of 1 M KOH. The mixture was then placed in a boiling water bath 
for 1 min, then cooled and 150 ul were transferred to a column of Dowex 
SOW-X8, H” form, (0.5 x 5 cm). The column was washed with five 0.5 mi 
aliquots of distilled water directly into a scintillation vial for 
direct counting of the N-acetylhomoserine eluted. 

Synthesis of SAM. The tn vittro synthesis of SAM by the same 
mitochondrial extracts was conducted in a reaction system of 2 mls 
containing: 8 umoles [methyl-1*C]-L-methionine (0.125 uCi/umole), 10 
umoles ATP, 5 ~umoles 2-mercaptoethanol, 50 umoles MgCl2, 100 umoles 
potassium phosphate buffer (pH 6.9), and 2 mg protein prepared as 


described. The reaction mixtures were incubated for 60 min at 30°C, 
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chilled, and the labelled SAM synthesized was separated by the column 
chromatographic method of Shapiro and Ehninger (1966). The method was 
modified to include the use of HCI] instead of H2S0, as the eluting acid, 
thus enabling the removal of acid in vacuo permitting liquid scintilla- 
tion counting of the aqueous samples without the substantial quenching 
problems of acidic extracts. 

Synthests of SMM. The in vitro synthesis of SMM by the same 
mitochondrial extracts utilized for other transmethylase studies, was 
attempted in a reaction system of 1 ml containing: mitochondrial 
extract (2 mg protein), 8 umoles L-methionine, 0.05 umole SAM- [methyl- 
™C] (52 uCi/umole), 5 umoles 2-mercaptoethanol and 100 umoles 
potassium phosphate buffer (pH 6.9). The reaction mixtures were 
incubated for 1.5 h at 30°C. Reaction products were identified by TLC 
and autoradiography using a solvent system of n-butanol:acetic acid:H20 
(12:3:3) and silica gel G TLC plates (Dodd, 1969). 

Preparation of 8-cystathtonase and cystationitne-y-synthase. 
The mitochondrial fraction isolated as previously described was diluted 
two fold with 10 mM potassium phosphate buffer (pH 7.3), sonicated for 
4S sec and then centrifuged at 14,000g for 40 min. The 14,000g super- 
natant was raised to 45% of saturation with solid (NH4)2S0, and then 
stirred for 30 min. The resulting precipitate was collected by centri- 
fugation (10,000g for 15 min) and dissolved to 4 mls total volume in 
10 mM potassium phosphate buffer (pH 7.3). This solution termed the 
0-45% fraction was passed through a column of Sephadex G-25 (1 x 5 cm) 


and used directly in assays of B-cystathionase and cystathionine-y- 


synthase. 
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Assay of B-cystathtonase. 
5. L-cystathionine + H20 + L-homocysteine + pyruvic acid + NH3 
The enzyme activity was determined by a reaction sequence described 
by Guggenheim (1971) and similar to the system utilized for assays of 
cystathionine-Y-synthase. The production of pyruvate by B-cystathionase 
was coupled to an excess of lactic dehydrogenase in the presence of 
NADH. Measurements of homocysteine production with 5,5'-dithio-bis-(2- 
nitrobenzoic acid) were not found to yield satisfactory reaction rates 
and consequently the following assay system was utilized. The complete 
reaction mixture in a final volume of 1 ml contained: 50 umoles 
potassium pyrophosphate buffer (pH 8.2), 0.1 umole pyridoxal-5'+ 
phosphate, 4 umoles L-cystathionine and enzyme fraction (400 ugm of 
protein). Control reaction systems contained no L-cystathionine. The 
reaction tubes were incubated at 37°C for 10 min then the reaction was 
terminated by addition of 50 ul of 1.5 M trichloroacetic acid. After 
centrifugation, aliquots of the reaction systems were assayed for 
pyruvate using lactic dehydrogenase utilizing the.same system described 
for cystathionine-y-synthase. 
Assay of cystathtonine-y-synthase. The assay procedure used 
was similar to that described by Kaplan dnd Guggenheim (1971) for 
reaction 7 (see below), known to be catalyzed by cystathionine-y- 


synthase of S. typhimurium. 


6. O-Succinyl-L-homoserine + L-cysteine + L-cystathionine + 
succinic acid 

7. O-Succinyl-L-homoserine + H,0 > a-ketobutyrate + NH3 + 
succinic acid 


The a-ketobutyrate formed in reaction 7 was measured with NADH and an 
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excess Of beef heart lactic dehydrogenase. A two step assay procedure 
was utilized because of the instability of NADH in the extracts. 
Preliminary trials using inhibitors such as; rotenone, amytal or 
antimycin A up to concentrations of 1 mM, known to inhibit NADH oxidase 
activity during electron transport, were not found to stabilize NADH 
in the presence of the extracts used in this study. 

The first step of this assay procedure utilized a reaction mixture 
(0.5 ml) containing: 50 umoles potassium pyrophosphate buffer (pH 8.2), 
0.1 umole pyridoxal-5'-phosphate, 2.5 umoles O-succinyl-DL=homoserine 
and 2 mg enzyme protein. Control mixtures contained no O-succinyl- 
homoserine. 

The reaction mixtures were incubated at 37°C for 10 min then 
stopped by adding 50 ul of 1.5 M trichloroacetic acid. After centri- 
fugation aliquots of the supernatant solution were added to cuvettes 
containing, in a final volume of 1 ml: 100 umoles potassium phosphate, 
(pH 7.3), and 0.15 umole NADH. After ascertaining that the pH was 
above neutrality, the E3,, was measured and a large excess of cystalline 
lactic dehydrogenase (20 ugm) was added. After the E349 had ceased to 
decline the optical density was recorded. The amount of a-ketobutyrate 
in the aliquot was calculated from the difference between the two 


readings using a molar absorbance of 6200. 
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RESULTS 


Fracttonatton of Organelles 

After isopycnic non-linear density gradient centrifugation of the 
particulate fraction, separate bands were detected, which on the basis 
of their enzyme complements, included mitochondria, in fraction 5, and 
peroxisome-like bodies in fractions 3 and 4 (Table 3). Fraction 5 was 
characterized as containing mainly intact mitochondria by the presence 
of comparatively high levels of fumarase and succinic dehydrogenase 
(61.7% and 61.5% respectively, of the total enzyme activity present in 
the crude particulate fraction). Fraction 5 also contained low levels 
of peroxidase and glycollate oxidase (9.5% and 22.8%, respectively). 

Electron microscopy revealed that fraction 5 contained Intact 
mitochondria with some contamination by mitochondrial fragments. No 
microbodies could be detected. When ADP/O ratios were determined with 
succinate and a-ketoglutarate as substrates, the mitochondrial fraction 
was found to have respiratory control values of 2.5 and 4 respectively, 
indicating that some degree of integrity existed in the organelles of 
this fraction. It should be noted that the levels of inorganic phos- 
phate present in the isolating medium would have substantial effects on 
the ADP/O ratios obtained, likely inhibiting maximal respiratory 


activity and consequently optimum ADP/O ratios. 


Localization of pteroylglutamate derivatives and related enzymes 
Correlation was found between the distributions of serine hydroxy- 
methyItransferase and other enzymes characteristic of mitochondria 


(Table 3). Although the former enzyme and 10-HCO-H,PteGlu synthetase 
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were associated with the mitochondrial fraction, 5,10-CH.-H,PteGlu 
dehydrogenase was not detected by the spectrophotometric method. The 
presence of the latter enzyme could not be entirely ruled out however, 
as substantial mitochondrial NADH oxidase was present in fraction 5. 
The activity of I10-HCO-H,PteGlu synthetase, although apparently 
restricted to the mitochondrial fraction, may be to some extent also 
present in other particulate fractions as difficulty was also encounter- 
ed in assay of this enzyme by the spectrophotometric method. 

Preliminary microbiological assays of total pteroylglutamates 
illustrated that relatively high levels occurred in the 27,000g pellets 
obtained from 4-day-old cotyledons. Further examination of these by 
sucrose density gradient centrifugation (Table 4) revealed that 63% of 
the LZ. caset growth response and 54% of that given by P. cerevisiae was 
associated with the mitochondrial fraction. The difference in total 
levels given by these two organisms indicates that methyl and formyl 
derivatives of Hy,PteGlu with possibly different degrees of conjugation 
were present in this fraction. The presence of pteroylglutamates in 
the denser fractions of the sucrose gradient suggests that these 
compounds may also be associated with mitochondrial fragments. 

The total pteroylglutamate levels of the mitochondrial fraction as 
measured by L. caset without pre-treatment of the extracts with 
conjugase, amounted to approximately 7 to 10% of the total pteroyl- 
glutamate content of 4-day-old cotyledons (Table 5). Repeated washing 
of the mitochondrial fraction reduced this figure by as much as 50%, 


indicating that these derivatives are readily leached out of this 


organelle. 
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TABLE 4. Distribution of pteroylglutamate levels in fractions of the 


sucrose denstty gradtent 


L. caset P. cerevitstae 
Fraction Distribution Distribution 
number ng (2) ng (%) 
| 0.806 Pee I: 0.493 AST bs) 
2 0.940 Pas ff. 0.806 4.57 
3 0.672 1.94 12075 6.10 
4 2.149 6222 1.746 S)eis)\ 
be 21.940 63.47 J5433 Epi by 
6 4.702 13560 3.134 17.78 
7 3.358 are 0.940 oo) 
Total 34.567 100 W7ebey, 100 


Pteroylglutamate levels are expressed in ng PteGlu for ZL. caset 
and ng 5-HCO-HyPteGlu for P. cerevistae/g fresh weight of cotyledons 
extracted. 

* Incubation of fraction 5 with pea cotyledon y-glutamy! carboxy- 
peptidase resulted in an increase in the growth response of L. caset 


and P. cerevtstae of 51 and 47 percent, respectively. 


vasa 308.0 sq.s oe.o 
01.8 “QO. m deur a: 
ree a sd tS 
62.82 fete Vé.e9 OTS 
8Y.41 HET .€ 03. €1 ‘soy. 
€€.2 ote .0 sje ‘BEE 
001 58.41 oor «= «Sa is30T 7 
Se 
teane .1 197 uldes9 en ni bsedorgxs 576 clave! piuhaiuibel yous ® bi _ 
enabstyjoo Yo gisw 267} el\endetwaxso <4 40? ‘wider uHleOO4-2 | wi 


jaese .1 10 senogest sijwore att ni eeabaand ns ni battune veh 


Wtevisabaesy ,Jnaneg WW bee Te Yo sateen 4 rat 
| odin | 


- 
-yxodie> Tymeaulp-y aaah ih 69q dtiw 2 nojise17 io 3 ae we 
_ 


4 


4] 
TABLE 5. Levels of pteroylglutamates in the mitochondrial and 


supernatant fractions of pea cotyledons 


Pteroylglutamates* ng/g fresh weight 


Before conjugase After conjugase 
Mitochondrial fraction 21.9 30.6 
Supernatant fraction 220 458 


*Pteroylglutamate content was assayed with LZ. caset and is expressed as 


ng equivalents of PteGlu. 


Release of pteroylglutanates from mitochondria by solubilization 
treatments 

Solubilization treatments, summarized in Table 6, confirmed that 
the mitochondrial fraction contained a pool of pteroylglutamates that 
are bound more tightly than can be explained solely by adsorption or 
diffusion of these compounds during extraction of the mitochondria. 
Eighty-five percent of the total pteroylglutamates, as measured by 
L. caset, was retained by the mitochondrial debris after treatment by 
osmotic shock suggesting that the derivatives were in large part 
membrane-bound. This contention was supported by the observation that 
after sonication, 15% of the total pteroylglutamate content was 
retained by the mitochondrial debris but this figure was reduced after 
treatment with deoxycholate. With one exception, analogous results 
were obtained with P. cerevtstae after these treatments. In most 
treatments, release of pteroylglutamates to the supernatant was higher 
when the levels were determined with P. cerevistae, indicating that 


formylated derivatives may be less tightly bound than methylated and/or 
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TABLE 6. Solubilization of pteroylglutamate derivatives from isolated 


mt tochondrta 
L. caset P. cerevistae 
Particulate Supernatant Particulate Supernatant 
fraction fraction fraction fraction 

Treatment a 5 v4 ie 
Osmotic shock 84 16 2) 79 
Osmotic shock and 
2% deoxycholate <] 99 <] ss) 
Sonication 15 85 2.6 97.4 
Sonication and 
2% deoxycholate <] 39 <] she) 


2% deoxycholate | 99 32 96.8 
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conjugated derivatives. 


Chromatography of mitochondrial pteroylglutamates 

Figures 3A and 3B are typical elution patterns of the derivatives 
present in the mitochondrial fraction. The first major peaks (Figure 
3B, peaks a, c, and e) gave growth promoting properties typical of 
formyl derivatives and occupied positions in the elution sequence 
corresponding to authentic 10-HCO-HyPteGlu, 5-HCO-H,PteGlu and 5-HCO- 
H,PteGlu2 respectively (Roos and Cossins, 1971). The large L. caset 
peak (Figure 3B, peak d) coincided with authentic 5-CH3-H,PteGlu. A 
small shoulder at fractions 76-78 (Figure 3B) may represent H,PteGlu. 
Other derivatives present co-chromatographed with standard derivatives 
(Roos and Cossins, 1971) and were: Peak b, 10-HCO-H,PteGlu, and peak f, 
5-CH3-HyPteGlu2. In addition, peaks g to j, identified in earlier work 
(Roos and Cossins, 1971) as conjugated derivatives were also present. 

Roos and Cossins (1971) have suggested that PteGlu may be an 
intermediate in the synthesis of more highly reduced compounds such as 
5-CH3-HyPteGlu in pea cotyledons. In order to eens this possibility 
and to determine whether the mitochondrial pool of pteroylglutamates 
would be derived from such a precursor, [2-!*C]PteGlu and [methyZ-}"c]- 
5-CH3-HyPteGlu were supplied during imbibition. Labelled derivatives 
were detected in the mitochondrial pool after such feeding (Figure 4). 
[Methyl-1*C]-5-CH3-Hy,PteGlu labelled 10-HCO-HyPteGlu, 5-HCO-H,PteGlu 
and 5-CH3-HyPteGlu more readily than in similar experiments which 
involved [2-!"c]PteGlu. Labelled PteGlu was incorporated into most of 
the mitochondrial pteroylglutamates but the specific activity of these 


was too low to permit clear resolution of individual derivatives. This 
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FIGURE 3. Chromatography of pteroylglutamate derivatives from isolated mitochondria. 
After DEAE-cellulose chromatography the fractions were assayed for pteroylglutamates using 


L. caset (A) and P. cerevisiae (B). The derivatives shown are: 
a, l10-HCO-H,PteGlu; b, 10-HCO-HyPteGlu2; 
e, 5-HCO-H,PteGlu; d, 5-CH3-HyPteGlu; e, 5-HCO-H,PteGlu,; 


f, gs h, t, J, unidentified conjugated derivatives. 
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finding might be related to the dramatic synthesis of pteroylglutamates 
which occurs in this tissue (Roos and Cossins, 1971), thus diluting the 
specific activity of the substrate incorporated. 

The presence of pteroylglutamate derivatives and the occurrence of 
related enzymes in pea mitochondria suggests that these derivatives are 
interconvertible and may have metabolic significance in the synthesis 
and metabolism of related free amino acids, which could also be 
detected in the isolated mitochondria (Table 7). The presence of 
serine hydroxymethyltransferase and 10-HCO-HuPteGlu synthetase suggests 
that one-carbon units can enter the mitochondrial pteroylglutamate pool 
at the formyl and hydroxymethyl levels of oxidation. A number of 
experiments were therefore designed to examine ability of isolated 
pea mitochondria to generate, interconvert and transfer one-carbon units 


via the pteroylglutamate pool. 


Btosynthests of pteroylglutamates 

In a preliminary experiment utilizing [methylene-!*C]-5,10-CHo- 
HyuPteGlu as the substrate, it was found that the mitochondrial fraction 
could oxidize and reduce this derivative. Such interconversion suggests 
the presence of 5,10-CH2-H,PteGlu:NADP dehydrogenase and 5,10-CH2- 
HuPteGlu reductase, respectively. Substantial levels of label was also 
incorporated into other compounds not exchanging with DEAE-cellulose. 
Consequently further experiments were designed to investigate these 
labelling patterns more extensively using different C-1 donors. 

When the mitochondrial fraction was incubated with [methylene-'"c]- 
5,10-CH2-H,PteGlu, radioactivity was incorporated into 10-HCO-H,PteGlu 


and 5-CH3-H,PteGlu (Table 8). In the presence of NADP or NAD the 
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TABLE 7. Prinetpal free amino actds of pea mitochondria 


Amino acid nmoles 
Lysine 5.56 
Histidine 1.56 
Aspartic 16.8 
Threonine 16.1 
Serine aime 
Glutamic 11230 
Proline 20.5 
Glycine 14.8 
Alanine 28.9 
1/2 Cysteine 1.61 
Valine 28.6 
Methionine Be.62 
Isoleucine eye 
Leucine 3.7 
Tyrosine 0.63 
Phenylalanine 0.04 


The mitochondria were boiled in 80% (v/v) ethanol for 1 min and 
denatured protein was removed by centrifugation. The data are mean 
values of three separate analyses and are expressed as nmoles/g fresh 


weight of tissue. 
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4g 
labelled substrate was readily oxidized to 10-HCO-HyPteGlu and smaller 
amounts of labelled 5-CH3-H,PteGlu were formed. Substitution of NADPH 
for NADP increased utilization of the substrate. The presence of 
FADH, did not decrease the amount of substrate oxidized to 10-HCO- 
H,PteGlu but there was a marked increase in the labelling of the 
methyl derivative suggesting that 5,10-CH2-H,PteGlu reductase occurred 
in the mitochondrial fraction. When homocysteine was added, 
substantially less }"C was recovered in 5-CH3-H,PteGlu. In addition 
to these pteroylglutamates, serine, methionine, histidine and an 
unidentified compound were synthesized (Table 8). Reducing conditions 
favored the production of histidine and substantial synthesis of the 
unidentified compound. The non-enzymic synthesis of this latter 
compound was ruled out as no label could be detected in identical 
control reaction systems where the mitochondrial fraction was omitted. 
When homocysteine was added, methionine synthesis was stimulated 
whereas the levels of /"C incorporated into histidine were significantly 
decreased. 

The ability of the isolated mitochondria to oxidize and reduce 
one-carbon units was further investigated by feeding [3-)"*C]serine 
(Table 9). Results similar to the previous experiment were obtained 
with three exceptions. Firstly, when serine was the substrate the 
effects of adding FADH, and FADH, plus homocysteine, respectively, were 
different and NADPH was more effective in the synthesis of labelled 
5-CH3;-H,PteGlu. Secondly, the levels of 1*C in methionine were much 
lower than in the previous experiment and was possibly contingent upon 
the lack of effect of FADH2. An interesting observation arising from 


this experiment was the synthesis of glycine. Thirdly, the levels of 
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**C incorporated into 10-HCO-H,PteGlu were substantially higher than 
the levels of radioactivity in 5-CH3-HyPteGlu (Table 9) or the levels 
of radioactivity in 10-HCO-HyPteGlu, when [methylene-!*cC]-5,10-CH2- 
H,PteGlu was the immediate substrate (Table 8). This result is interest- 
ing as the incorporation of !"C from [3-!"*C]serine into derivatives of 
the pteroylglutamate pool must be limited initially by the activity of 
serine hydroxymethyl transferase. As [methylene-!"C]-5,10-CH2-HyPteGlu 
is a product of this reaction one might expect [!*C]HCHO to be a better 
precursor of these pteroylglutamates, especially when the specific 
activities of formaldehyde and serine are considered. These results 
might imply some structural organization which could effect carbon 

flow from C-1 donors, such as serine, glycine and formaldehyde, into 
the mitochondrial pteroylglutamate pool at the hydroxymethyl level of 
oxidation. 

When the incorporation of [}*c]formate into H,PteGlu derivatives 
and free amino acids was determined (Table 10), it was clear that in 
the presence of NADP all the radioactivity was apparently trapped in 
10-HCO-H,PteGlu. However, when conditions favored reduction, 
accumulation of 10-HCO-H,PteGlu was not observed and some labelling of 
5-CH3-H,PteGlu, methionine and serine occurred. In similar experiments 
employing [methy2-1"C]-5-CH3-HyPteGlu as substrate, incorporation of 
radioactivity into serine and methionine was also observed (Table 11). 

Mitochondria incubated with [2-/"C]glycine (Table 12) incorpor- 
ated label into I0-HCO-H,PteGlu and 5-CH3-H,PteGlu. In addition, some 
ability to methylate homocysteine was observed in this experiment. 

The labelling of pteroylglutamate derivatives in this experiment 


suggests that the mitochondria have some ability to cleave glycine 
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molecules. This ability was examined in further experiments. 


Parttal characterization of glycine decarboxylase and the bicarbonate 
exchange reaction 

In order to investigate the occurrence of a glycine cleavage 
reaction in mitochondria, an assay method was designed and applied to 
the mitochondrial fraction recovered by sucrose density gradient 
centrifugation. Sucrose (0.65 mM) was present in all reaction systems 
as an osmoticum because preliminary assays without sucrose yielded 
very low glycine decarboxylase or exchange activities. 

The distribution of a glycine-bicarbonate exchange reaction 
(Scheme 2, reaction 1, p. 11) between soluble and particulate fractions 
is shown in Table 13. The mitochondrial fraction had approximately 47 
times the specific activity of the unfractionated homogenate. Part- 
iculate enzyme activity was relatively stable during 24 h of storage at 
-10°C (Figure 5) but losses of activity were appreciable after longer 
periods of storage. Table 14 illustrates the requirements for 
bicarbonate, sulphydryl groups, pyridoxal phosphate and mitochondrial 
protein for optimal exchange of bicarbonate with the carboxyl carbon 
of glycine. Addition of H,PteGlu reduced the amount of 1*CO, recovered 
(Table 14) and disruption of mitochondrial integrity by various 
solubilization treatments also reduced exchange activity (Table 15). 

The reaction proceeded under aerobic and anaerobic conditions 
(Table 16) but enzyme activity in air and 02 was slightly higher than 
found in No. Under optimum assay conditions the rate of reaction was 
linear for at least 1 h (Figure 6A) and maximal exchange occurred at 


pH 7.8 (Figure 6B). The production of **CO. from the exchange 
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TABLE 13. The distribution of the [1-'"C]glycine-bicarbonate exchange 


reactton between soluble and particulate cell fractions 


Enzyme 
Total enzyme Specific activity recovery 
(nmole ?*CO2/ (nmole ?*C02/mg 73 faye 
g fresh weight) protein) total 
Crude homogenate 16.5 0.068 100 
27,000g particulate fraction 0.82 Oey 27 550 
Mitochondrial fraction 0.80 Ba2 4.8 


The complete reaction mixture, total volume 2 mls, containing: 

1.3 umole sucrose, 0.5 uCi [1-'"*C]glycine (10 pumoles), 60 umoles sodium 
bicarbonate, 100 umoles Tris-HCl buffer (pH 7.8), 1.5 umole pyridoxal 
phosphate, and 10 umoles dithiothreitol, was incubated in air at 37°C 


for 30 min with 5 mg protein of the fractions indicated. 
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The effect of storage of the mitochondrial fraction on the 
activity of the [1-!*C]glycine-bicarbonate exchange reaction. 
Aliquots of the particulate fraction of the same protein 
concentration were stored at -10°C and thawed for assay 

when needed. The complete assay system was the same as that 
described in Table 13. 
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TABLE 14. Requtrements of the glycine-bicarbonate exchange reaction 


Omission from the 
reaction system nmole of **C0. recovered 


None 28.3 


Mitochondrial fraction i 


DTT 228) 
Pyridoxal phosphate 253 
Bicarbonate 5.6 
None plus FAD (1 umole) 16.1 
None plus HyPteGlu (0.2 umole) He 


The complete reaction conditions are described in Table 13 with the 
exception that the flasks were flushed with No before incubation. The 
data are expressed as nmole 1"C0, recovered per 10 mg protein per 


30 min. 
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TABLE 15. The effect of detergents and mechanical treatment of the 


mitochondrial fraetton on the glyctne-bicarbonate exchange 


reactton 
Treatment nmole of a oD. recovered 
None B20 
Tetton x, .100. (0,12) TOr2 
Digitonin (0.1%) Lal il 
Deoxycholate (0.1%) Ue 
Sonication 10.1 


The solubilization treatments were carried out for 2 min at O°C using 
the following solubilizer or detergent: Triton X 100 (0.1% v/v), 
digitonin (0.1% w/v) or deoxycholate (0.1% w/v). The effect of 
mechanical disruption was examined by sonicating the isolated 
mitochondria at full amplification for 1 min at 4°C with a Fisher 
Ultrasonic Generator. The complete reaction conditions are described 
in Table 13. The data are expressed as nmole ‘*C02 recovered per 10 mg 


protein per 30 min. 
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TABLE 16. Effects of oxygen tenston on the exchange reactton 


catalyzed by the tsolated mitochondrta 


Gas phase nmole of !*C0O, recovered 
No 2 
Air 26.4 
O> 26.2 


After the cofactors, enzyme and [1-!*C]glycine were added to the 
reaction flask as described in Table 13, the atmosphere of each flask 
was quickly flushed as indicated. The data are expressed as nmole 


"CO. recovered per 10 mg protein per 30 min. 
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FIGURE 6. Production of '"CO2 from the exchange reaction as a function of: time, pH or 


protein concentration. 


The reaction conditions are similar to those described in Table 13 with the 
following exceptions: the time of incubation at 37°C (Figure A), the pH of 
Tris HC] buffer (Figure B) or, the amount of mitochondrial protein added 
(Figure C), was varied as illustrated. 


6] 


62 
reaction was linearly increased by varying the concentration of 
mitochondrial protein in the reaction system (Figure 6C). Product 
formation also increased linearly with bicarbonate concentrations up to 
18 mM and with glycine concentrations up to 1.1 mM. Lineweaver-Burk 
(1934) plots for these substrates gave apparent K, values of 12.5 mM 
and 1.8 mM respectively (Figures 7A and B). These values are similar in 
magnitude to those reported by Sato et al. (1969) for enzyme preparations 
of rat liver. 

The glycine cleavage or decarboxylase reaction, assayed in the 
absence of bicarbonate, could be stimulated by NAD+. Product formation 
increased linearly with NAD* concentrations up to 30 uM. A Lineweaver- 
Burk (1934) plot for this substrate gave an apparent Km, value of 47 UM 
(Figure 7C). The cleavage of glycine was suppressed by reduced 
pyridine nucleotides (Figure 8). 

The effects of solubilization treatments on enzyme activity 
together with the apparent aerobic stimulation and inhibition by 
reduced pyridine nucleotides, implies that a suitable oxidation- 
reduction balance, possibly mediated by the mitochondrial membranes, 
is of importance in this reaction. In this regard, Bird et al. (1972) 
have reported that the conversion of two glycine molecules to serine 
by crude preparations of tobacco leaf mitochondria, requires 02, is 
inhibited by inhibitors of mitochondrial electron transport and is 
stimulated by ADP. These authors have concluded that ATP was 
synthesized at the expense of free energy derived from the cleavage of 
glycine. Attempts to show such an effect in pea mitochondria were not 


successful (Figure 9). It is possible that further control of this 
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FIGURE 7. 


1/[NAD*] (mM”) 


Double reciprocal plots of 14€0, produced versus the concentration of: 
bicarbonate, glycine or NADT, 


The complete reaction mixture is described in Table 13 with the following exceptions: 
the concentration of bicarbonate (Figure A), the concentration of glycine (Figure B) 
or, the concentration of NAD’ (Figure C), was varied as illustrated. Furthermore, 
when NADt was added for assay of the glycine cleavage reaction, bicarbonate was 
omitted as described in the text. 
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reaction may be affected by various intermediates and products of C-] 
metabolism. In this respect, methionine and 5-CH3-Hy4PteGlu were both 
effective in reducing the activity of glycine decarboxylase in vitro 
whereas, S-adenosylmethionine was not (Figure 9). 

In animal tissues glycine cleavage is a significant catabolic 
process resulting in complete oxidation of the molecule to C02. 
Because such oxidation necessitates involvement of the pteroyl- 
glutamate pool, an experiment was designed to determine if the 
mitochondria had ability to convert [2-'"C]glycine to }*C0.. Table 17 
illustrates that when [2-?*C]glycine with a high specific activity was 
incubated with the isolated mitochondria, label from the second carbon 
was incorporated into C0Q.. These results, coupled with the labelling 
of 10-HCO-H,PteGlu (Table 12) might imply the activity of 10-HCO- 


H,PteGlu:NADP oxidoreductase in the isolated mitochondria. 


Homocystetne-dependent transmethylase activity 

From the data presented (Tables 8 to 12), it follows that 
mitochondria isolated from germinating pea cotyledons possess ability 
to transmethylate homocysteine. The occurrence of such a mitochondrial 
transmethylase together with the mitochondrial system for generation 
of methyl groups clearly points to a compartmentation of methionine 
biosynthesis in pea cotyledons. Previous studies from this 
laboratory (Dodd and Cossins, 1970) have examined homocysteine- 
dependent transmethylase activities of pea cotyledon homogenates. 
Consequently it was of interest to examine mitochondria for these 


enzymes in the present work. 
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TABLE 17. The conversion of [2-'"Clglycine to *CO. by isolated 


pea mttochondrta 


Reaction system nmole of !*CO, 
Complete 0.016 
Complete + NADP 0.014 
Complete + NADP + H,PteGlu 0.014 
Control nil 


The mitochondrial fraction was incubated for 30 min at 37°C under 

the conditions employed in the glycine decarboxylase assay. The 
complete reaction system in a total volume of 2 mls contained: 4 wCi 
glycine (21.8 uCi/umole), 1 mmole sucrose, 1.5 umole pyridoxal phos- 
phate, 100 umoles Tris-HCl buffer (pH 7.8), 1.25 umole NAD, 10 umoles 
DTT and mitochondrial fraction (10 mg protein). NADP (6.2 umoles) 
and H,PteGlu (1 umole) were added as supplements to the reaction 
system. Control reaction systems did not contain the mitochondrial 


Traction. 
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Two distinct homocysteine-dependent transmethylases were present 
in mitochondrial protein precipitating between 20 and 60% of 
saturation with ammonium sulphate (Table 18). Total activity of the 
transmethylase utilizing 5-CH3-H,PteGlu as the methyl donor was 
substantially greater than the activity of the SAM transmethylase in 
both the cotyledon homogenate and the particulate fractions. Some 
44.7% of the total activity of the former enzyme was present in the 
ammonium sulphate fraction of the isolated mitochondria (Table 18). 
The 5-CH3-H,PteGlu enzyme was also purified approximately ten fold, 
during its isolation. A substantially lower yield and purification of 
the SAM transmethylase was noted (Table 18). 

Product formation by both enzymes was linear for over 1] h (Figure 
10A), consequently, a 1h trecpeeten period at 30°C was employed in 
further experiments. The pH optima of 7 for both particulate enzymes 
(Figure 10B) enabled simple comparisons between their apparent 
catalytic properties, at pH 6.9, and those reported for the enzymes 
isolated from Bocyieden homogenates by Dodd and Cossins (1970) (Table 
19). 

The 5-CH,-H,PteGlu transmethylase prepared from the isolated 
mitochondria was saturated with homocysteine at a concentration of 
approximately 1.0 mM (Figure 10C). The corresponding transmethylase 
from cotyledon homogenates was saturated with homocysteine at a 
concentration of 2 mM. The apparent Km value (25 uM) for the methyl 
donor, determined from a Lineweaver-Burk plot (Figure 10D), revealed 
that the 5-CH,-H,PteGlu transmethylases from both cell fractions 
had similar affinities for the methyl donor (Table 19). The 


apparent Michaelis constant for the mitochondrial SAM transmethylase 
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fo) 
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0.08 


ENZYME ACTIVITY 
(units/mg protein/min x 10°) 


0.04 


ENZYME ACTIVITY 
(units/mg protein/min x 10°) 


0 10 20 30 40 50 60 (6) ] 2 ¢} 


TIME = (min) HOMOCYSTEINE mM 


Oo [e) 


ENZYME ACTIVITY 
(units/mg protein/min x 10°) 


6.0 6.5 7.0 7.5 8.0 -0.2 0) 0.2 0.4 0.6 0.8 
in 1/8 [5-CH3-H4 PteGlu] x 10°°M 


-0.2 0 0.2 0.4 0.6 0.8 1.0 


+ [SAM] x10°°M 


i =14¢]-L- hionine by mitochondrial transmethylases. Product formation by the 5-CH3-HyPteGlu transmethylase was linear 
aie A ae ae ar A). The pH optima of this reaction was determined by varying the pH of the buffer as illustrated (Figure B). 
Saturating concentrations of homocysteine were obtained by varying the concentration of homocysteine In the standard reaction mixture as 
illustrated (Figure C). Lineweaver-Burk plots revealed apparent Michaelis constants of 25 uM for 5-CH3-HyPteGlu (Figure D) and 50 uM vel 
SAM (Figure E) for the 5-CH3-HyPteGlu and SAM transmethylases, respectively. All assays were carried out at 30°C as previously describe 
utilizing a 20-60% (NH,)2S0, fraction of the isolated mitochondria as the source of enzyme. 
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was 50 uM (Figure 10E). 

Product inhibition of homocysteine-dependent transmethylases by 
L-methionine is now well known (Dodd and Cossins, 1970; Abramson and 
Shapiro, 1965; Cossins et al., 1972) and was displayed by the 5-CH3- 
H,PteGlu transmethylase of pea mitochondria (Figure 11). Relatively 
low concentrations of L-methionine inhibited 5-CH3-H,PteGlu transmethyl- 
ase activity, the concentrations of this amino acid giving 50% 
inhibition of the enzymes from both cell fractions being similar 
(Table 19). Due to this effect of methionine it is possible that 
estimates of total 5-CH3;-H,PteGlu transmethylase activity in the 


initial unfractionated cotyledon homogenates are low. 


Btosynthests of S-adenosylmethtontne by pea mttochondrta 

The principal mechanisms for biosynthesis of SAM involve the 
methylation of S-adenosylhomocysteine and the activation of methionine 
by ATP. Dodd and Cossins (1969) have concluded that SAM is formed 
in pea cotyledons by a methionine activating enzyme utilizing ATP. 
A similar synthesis of SAM by preparations of isolated pea mitochondria 
was observed in the present work (Table 20). Maximal synthesis of SAM 
by these preparations was dependent on ATP and Mgtt , as well as the 
presence of a thiol group (Table 20). In contrast, the possible 
synthesis of S-methy]methionine by the mitochondrial preparations 
(reaction system described on page 34) could not be shown, implying 
that SMM may not be generated in pea mitochondria. 

A comparison of the levels of SAM previously reported for this 
tissue (0.04 umoles per gram fresh weight; Dodd and Cossins, 1968) with 


the quantities synthesized in the present study (approximately 0.244 
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TABLE 20. Synthesis of SAM by tsolated mitochondrta 


Omission from reaction system SAM formed (umole) 
None leo 20 
ATP 0.432 
Mg’ 0.425 
2-Mercaptoethanol 0.760 
Mitochondrial fraction 0.01) 


The complete assay system contained in a total volume of 2 mls: 8 umoles 
[methyl-+"*c]-L-methionine (0.125 uCi/umole), 10 umoles ATP, 5 umoles 
2-mercaptoethanol, 100 umoles potassium phosphate buffer (pH 6.9), 

50 umoles MgCl. and 2 mg mitochondrial protein (20-60% (NHy4)2SO0y4 


fraction). The reaction mixtures were tncubated for 60 min at 30°C. 
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umoles per gram fresh weight) indicates that the mitochondria may be 
capable of synthesizing a large part of the SAM required in the 


metabolic activities of this tissue. 


Homocysteine btosynthests by tsolated pea mitochondria 

The observation that pea mitochondria have ability to metabolize 
and synthesize several amino acids indicates that this organelle has 
a significant role in the biogenesis of methyl groups for the de novo 
synthesis of methionine and SAM during germination. Regulation of 
mitochondrial synthesis of methionine and SAM in this compartmented 
system could conceivably be achieved at the sites of transmethylation 
and generation of methyl groups. As the transmethylation reaction 
represents a convergence in two synthetic pathways consideration of a 
third factor, namely the biosynthesis of homocysteine and hence 
transsulphuration must also be accounted for. Dodd and Cossins (1969) 
have presented a scheme of reactions to account for the possible 
recycling of sulphur in this tissue during germination. To the 
author's knowledge, no studies to date have examined the possibility 
of a compartmented system for homocysteine biosynthesis in plants. 

Assays of @-cystathionase (Scheme 4, reaction 12, p.80), cysta- 
thionine-y-synthase (Scheme 4, reaction 13) and L-homoserine trans- 
acetylase (transsuccinylase) (Scheme 4, reaction 14) were performed on 
protein fractions of isolated mitochondria as shown in Table 21]. The 
cellular distribution of these enzymes in the mitochondria of 1.34%, 
i254, 2.74 and lols of total actiwity respectively, gimplies that whe 
mitochondria may not be the only site for these reactions. However, 


the presence of these enzymes in isolated mitochondria indicates an 
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77 
ability to generate nanomolar quantities of homocysteine from 
homoserine. It is of interest to note that S-acetyl CoA was utilized 
more readily in the acylation of L-homoserine than was S-succinyl CoA 
(Table 22) 0 suggesting that O-acetyl-L-homoserine may be the substrate 
for the cystathionine-y-synthase reaction of mitochondria. End product 
inhibition of L-homoserine transacetylase, cystathionine-y-synthase 
and B-cystathionase by L-methionine up to concentrations of 1 mM could 
not be demonstrated for the enzyme preparations studied (Table 23). 
The apparent lack of product inhibition by L-methionine does not rule 
out other regulatory mechanisms or perhaps feed-back inhibition 
mediated by other compounds such as SAM as observed for Neurospora 
(Kerr and Flavin, 1969; Shelhub et aZ., 1971). If extensive recycling 
of sulphur occurs within the mitochondrion it is clear that the 
possible role of S-adenosylhomocysteine as a feed-back inhibitor 
would be worthy of investigation. 

The presence of these enzymes also implies that the trans- 
sulphuration pathway (Scheme 4, reactions 12, 13 and 14) rather than 
the direct sulphydration of L-homoserine or its derivative, is the 
more likely pathway of homocysteine biosynthesis in pea mitochondria. 
The levels of L-homoserine transacetylase, cystathionine-y-synthase 
and B-cystathionase also argue for a sufficient endogenous synthesis 
of homocysteine to accomodate the mitochondrial homocysteine-dependent 


transmethylation reactions. 
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TABLE 22. Synthests of O-acetyl-L-homoserine and O-succtnyl-L- 


homosertne by tsolated mitochondria 


O-acety | homoserine 


Omission from reaction system produced (nmole) 
Complete 0.55 
Mitochondrial fraction nil 
S-acetyl-CoA 0.001 
S-acetyl] CoA with S-succiny] CoA added 0.19 


The complete assay system (total volume 0.5 ml) contained: 50 wmoles 
potassium phosphate buffer (pH 7.4), 0.5 umole S-acetyl-CoA, 50 nmoles 
[U-?*C]-L-homoserine (1 uCi/umole) and 7 mg mitochondrial protein. 


Reaction mixtures were incubated at 37°C for 0.5 h. 
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TABLE 23. Lack of tnhtbittion of L-homoserine transacetylase, 
eystathtonine-y-synthase and B-cystathtonase by 
L-methtontne 


Enzyme activity 
nmole of product/mg protein 


Concentration of L-methionine (mM) ) 0.01 0.1 eo) 

L-homoserine transacetylase 0.079 0.080 0.079 0.081 
Cystathionine-y-synthase 0.580 0.581 0.584 0.579 
B-cystathionase 3h5 Shy) 3. 38 32530 3.34 


Enzyme activities are expressed as the amount of pyruvate formed by 
B-cystathionase and the amount of a-ketobutyrate formed by cystathionine- 
Y-synthase, per 10 min at 37°C under the reaction conditions described 

in the Materials and Methods. Activities of homoserine transacetylase 
are given as the amount of N-acetylhomoserine recovered after 0.5 h 


incubation at. 37 °C, 
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SCHEME 4 


Major C-1 transfer reactions leading to serine and methtonine 


btosynthesis in plant mitochondria 


Systematic enzyme name 


L-serine:H,PteGlu-5, 10- 
hydroxymethyl transferase 


Glycine:carboxylase 


Formate:H,PteGlu ligase 
(ADP) 


5, 10-CH=H,P teGlu-5-hydro- 
lase (decyclizing) 


10-HCO-H,PteGlu:NADP 
oxidoreductase 


5, 10-CH2 -HyPteGlu:NADP 
oxidoreductase 
5-CH3-HyPteGlu:NADP (FAD) 
oxidoreductase 
5-CH3-HyPteGlu: homocysteine 
methyl] transferase 
ATP:methionine S-adenosy]- 


transferase 


S-adenosy|]-L-methionine: 
methy|ltransferase 


Cystathionine hydrolase 


O-acety|l-L-homoserine 
hydrolyase 


Acety1-CoA:L-homoserine 
S-acetyl transferase 


Trivial name 


Serine hydroxy- 
methyltransferase 


Glycine 
decarboxylase 


10-Formyltetra- 
hydrofolate 
synthetase 


Cyclohydrolase 


10-Formy]tetrahydro- 
folate oxidoreductase 


5,10-Methylenetetra- 
hydrofolate 
dehydrogenase 


5,10-Methylenetetra- 
hydrofolate reductase 


5-methyltetrahydro- 
folate: homocysteine 


transmethylase 


S-adenosy|]-methionine 
synthetase 


S-adenosyl-methionine 
transmethylase 


B-cystathionase 


L-cystathionine-y- 
synthase 


L-homoserine 
transacetylase 


number 
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Reaction 
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DISCUSSION 


Evidence for metabolic compartments which are related to the turn- 
over of pools of many metabolites in the cell is now available for 
numerous plant species (see reviews by Steward and Bidwell, 1962; Laties, 
1969; Britten and McClure, 1962; Beevers et al., 1966; Mandelstom, 1960; 
Oaks and Bidwell, 1970). Oaks and Bidwell (1970) contend that such 
compartments isolate metabolites participating in competing metabolic 
sequences and regulate their critical levels thus permittina 
selective transfer of these metabolites for the ordered progress of cel] 
metabolism. Such a compartmented system for the metabolism of pteroyl- 
glutamate derivatives and some associated reactions is indicated by the 


present study. 


Compartmentation of pteroylglutamate derivatives 

On the basis of widely accepted criteria, it is reasonable to 
conclude that fraction 5 is essentially mitochondrial (Table 3). The 
presence of enzymes such as serine hydroxymethyltransferase (Scheme 4, 
reaction 1) and 10-HCO-H,PteGlu synthetase (Scheme 4, reaction 3) in 
the isolated mitochondria, suggests that at least part of the one- 
carbon metabolism of this tissue is compartmented. This possibility is 
substantiated by the presence, in this fraction, of pteroylglutamate 
derivatives, known to be metabolically important in other tissues 
(Tables 4 and 5). This contention is also supported by the solubiliz- 
ation studies (Table 6) which indicated that the derivatives associated 


with the mitochondria may be differentially bound. Conceivably this 
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binding may result in a spatial organization of the mitochondrial 
pteroylglutamate pool, which could have considerable physiological 
Significance. In this connection, it is of interest to note that 
mitochondria from other species contain a number of metabolically 
important pteroylglutamates and in some cases ability to interconvert 
these has been clearly demonstrated (Noronha and Sreenivasan, 1960; 

Wang et al., 1967; Sankar et al., 1969). It is, therefore, logical to 
conclude that the association and possibly metabolism of certain 
pteroylglutamates in mitochondria is ubiquitous to higher organisms. 

Examination of the degree of conjugation of the pteroylglutamate 
derivatives present in the isolated mitochondria was complicated by 
mitochondrial hydrolase activity. Incubation of yeast extract with 
isolated mitochondria resulted in a ten-fold increase in the growth 
response of P. cerevistae implying that mitochondria were active in 
hydrolyzing the highly conjugated pteroylglutamate derivatives present. 
It is, therefore, apparent that the degree of conjugation of the 
pteroylglutamate derivatives present in isolated mitochondria (Table 4 
and Figure 3) may not be completely representative of the polyglutamy] 
forms that may be present in this organelle tm vtvo or before isolation. 
In this respect it was apparent from column chromatography of the 
mitochondrial fraction (Figure 3) that polyglutamy! derivatives greater 
than the di- or triglutamyl] level of conjugation were a minor component 
of the mitochondrial pteroylglutamate pool after isolation of this 
organelle. 

When expressed on a fresh weight basis the levels of mitochondrial 
formyl derivatives were found to be approximately 18.0 ng/g fresh weight 


compared with the levels of 105 ng/g fresh weight for the whole tissue 
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extracts. Clearly approximately 17% of the formy] pool was associated 
with the isolated mitochondria. This value is, however, a minimal one 
as formyl derivatives would undoubtedly be lost to the supernatant 
during isolation of the organelle (Tables 4 and 6). Similar calculations 
of the distribution of methyl derivatives revealed that they may be 
largely associated with the soluble components of the cell or very 
rapidly utilized in the mitochondria. 

Recent studies by Roos and Cossins (1971) have demonstrated the 
labelling of 5-CH3-H,PteGlu from [2-’"C]PteGlu in the cotyledon of 
germinating pea seeds, though no **C€ could be detected in the 
substantial pools of 10-HCO-H,PteGlu isolated. These and the 
observations previously discussed are quite consistent with, and even 
clarified by, the apparent compartmentation of formyl! derivatives 


demonstrated for cotyledon mitochondria (Clandinin and Cossins, 1972). 


Associated reactions of C-1 metabolism in isolated mitochondria 


Upon consideration of the numerous reactions in which pteroy|l- 
glutamate derivatives participate, it is apparent that information 
regarding the intracellular localization, rates of turnover and 
metabolism of these derivatives will have considerable impact upon the 
understanding of the catabolic and biosynthetic processes that are 
known to occur in the germinating seed and in particular, the 
mitochondria. 

It is clear from Tables 8 and 9 that isolated pea mitochondria are 
capable of synthesizing formyl and methyl pteroylglutamates from 5,10- 
CHy-H,PteGlu (Scheme 4, reactions 6 and 7, respectively). Such 


syntheses would involve oxidation and reduction of one-carbon units. 
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84 
In addition, synthesis of associated amino acids, as summarized in 
Scheme 4 was observed (Tables 8, 9 and 10). When one-carbon units were 
supplied at the hydroxymethyl level of oxidation it was apparent that 
subsequent oxidation of the C-1 unit was favored when NAD or NADP was 
present (Tables 8 and 9). Substitution of NADH or NADPH for NADP 
resulted in increased utilization of the substrate supplied and 
favored reduction of the one-carbon unit to the methyl] level of 
oxidation. The presence of reduced FAD in these reaction systems 
increased the incorporation of label into amino acids, particularly 
methionine and an unidentified compound when homocysteine was also 
supplied (Tables 8 and 9). 

The homocysteine-dependent synthesis of methionine and production of 
serine and histidine (Tables 8 to 12) further implicate the mitochondria 
in the biosynthesis of amino acids related to pteroylglutamate 
metabolism. Furthermore, the substantial incorporation of *"C into a 
number of unidentified compounds, particularly under conditions which 
favor methionine synthesis (Table 8), suggests the operation of other 
pathways related to mitochondrial pteroylglutamate metabolism. These 
other products were not formed in reaction systems containing boi led 
mitochondrial fraction. However, considering the very high levels of 
14c¢ incorporated in some cases (Table 8), the possibility of non- 
enzymic reactions cannot be entirely ruled out. 

lsolated pea mitochondria also synthesized 5-CH3-HyPteGlu from 
10-HCO-H,PteGlu (Table 10), an ability apparently lacking in rat liver 
mitochondria (Wang et al., 1967). In the presence of NADP, when the 
reaction conditions favored oxidation, no synthesis of 5-CH3-HyPteGlu 


occurred indicating that 5,10-CH,-H,PteGlu dehydrogenase and reductase 
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were both instrumental in catalyzing this conversion. 

The apparent absence of 5, 10-CH,-H,PteGlu dehydrogenase and 5,10- 
CH,-H,PteGlu reductase in rat liver mitochondria led Wang et al. (1967) 
to conclude that the major role of mitochondrial serine hydroxymethy]- 
transferase was related to the reversible interconversion of glycine 
and serine. However, it seems likely in pea mitochondria that serine 
hydroxymethyltransferase, besides functioning in the interconversion of 
serine and glycine, may act as a source of C-1 units for utilization by 
the mitochondrial pteroylglutamate pool. Clearly the extensive 
metabolism of the one-carbon unit generated from serine substantiates 
this view (Table 9). Glycine also acted as a source of C-1] units 
(Table 12) presumably by a complex reaction involving decarboxylation 
(Scheme 2; Scheme 4, reaction 2). The C-1 units generated in this 
reaction were oxidized or reduced to the formyl or methyl levels of 
oxidation respectively. When reduced FAD was supplied in the presence 


of homocysteine the synthesis of methionine was also observed. 


Reacttons tnvolving glyctne cleavage 

The close relationships between C0O,, NH, liberation and serine 
synthesis from glycine by leaf mitochondria (Kisaki et al., 1971), and 
the labelling of glycine from L-[3-)"C]serine by cotyledon mitochondria 
(Table 9), both indicate that a direct cleavage of glycine is 
catalyzed by plant mitochondria. Combined with the more definitive 
enzyme studies (Tables 13 to 16 and Figures 5 to 8) these lines of 
evidence are consistent with the scheme of glycine catabolism which has 
been proposed by other workers for rat liver (Yoshida and Kikuchi, 1970) 


and Peptococeus glycinophilus (Klein and Sagers, 1965a,b, 1966a,b). 
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The stimulation of the bicarbonate exchange reaction by pyridoxal- 
5'-phosphate and dithiolthreitol (Table 14) and the saturating substrate 
concentrations for glycine and bicarbonate, apparent Km values of 1.8 mM 
and 12.5 mM respectively, (Figure 7), suggest strong similarities to 
the reaction mechanisms proposed for other tissues (Scheme 2). The 
effects of NAD concentrations on the cleavage reaction (Figure 7) 
further implies some common reaction mechanisms. 

The first reaction of glycine cleavage (Scheme 2, reaction 1) which 
is characterized by the exchange of the carboxyl group of glycine with 
bicarbonate was found to require pyridoxal-5'-phosphate and mitochondrial 
protein in the presence of isotonic sucrose for optimum activity (Table 
14). The involvement of more than one protein in this exchange reaction 
in higher plants still remains obscure but as disruption of mitochondrial 
integrity reduced enzyme activity (Table 15) it may be concluded that 
more than one protein was involved in this reaction. 

The second reaction (Scheme 2, reaction 2) requires NAD’, HyuPteGlu, 
pryidoxal-5'-phosphate and mitochondrial fraction for maximal activity 
in the absence of bicarbonate (Figure 7C). These requirements imply 
that additional protein units are utilized in a more complex reaction 
resulting in the complete cleavage of glycine. The synthesis of 
glycine from [3-/"C]serine (Table 9) further indicates that this 
latter reaction may be reversible in pea mitochondria. However, an 
alternate explanation for the latter observation might involve the 
decarboxylation of serine and subsequent conversion of ethanolamine to 
glycine. If glycine cleavage is freely reversible as observed for rat 
liver mitochondria (Sato et al., 1969) then it is unlikely that the 


free energy of the reaction would be directly utilized in ATP 
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87 
synthesis and stimulated by ADP in pea mitochondria as suggested by 
Bird et al. (1972) for leaf tissue. Such carboxylation reactions have 
not been found to require ATP for maximal synthetic activity in 
mammalian systems (Sato et al., 1969). 

The physiological significance of glycine cleavage in pea 
cotyledon mitochondria may be different from other tissues examined. 
During seed germination considerable proteolysis and ultrastructural 
degradation occurs in the cotyledon (Bain and Mercer, 1966). Hydrolysis 
of the storage protein releases substantial amounts of serine and 
glycine (Lawrence and Grant, 1963). Serine and consequently glycine 
can also be formed by the conversion of glycollate into these amino 
acids (Cossins and Sinha, 1967; Tanner and Beevers, 1965). The 
subsequent catabolism of glycine and serine by glycine decarboxylase 
may yield other products necessary for seed germination. 

The affinity of this enzyme for glycine, apparent Km value of 
1.8 mM (Figure 7), would be prerequisite for the decarboxylation of 
glycine produced in the cotyledon by protein hydrolysis or other 
mechanisms. Decarboxylation could yield one C02, an active C-I unit 
and one reduced pyridine nucleotide (Tables 12, 14 and Figure 7). 
After the initial reaction, the C-1 unit produced could be reduced or 
oxidized (Table 12) for utilization in the mitochondrial pteroyl- 
glutamate pool. Several alternate pathways for the utilization of this 
C-] unit exist in the mitochondria. First, 5,10-CHj-H,PteGlu produced 
upon decarboxylation may be oxidized to the formyl level of oxidation 
yielding another reduced pyridine nucleotide (Tables 8 and 12). 
Utilization of 1O-HCO-H,PteGlu for formylation reactions such as the 


synthesis of formyl] methionine may occur. The synthesis of the latter 
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compound must be integral to the development upon germination of the 
pre-existing respiratory capacities in this tissue (Solomos et al., 
1972). A second alternate pathway might involve complete oxidation 
of 10-HCO-H,PteGlu to CO, (Scheme 4, reaction 8) (Table 17). This 
reaction could yield more energy in the form of another reduced 
pyridine nucleotide (Kutzbach and Stokstad, 1968). 

The metabolic fate of the C-] unit from serine and glycine entering 
the mitochondrial pteroylglutamate pool at the hydroxymethyl level of 
oxidation is likely determined by the physiological demands upon and 
within the mitochondria unless regulation occurs upon entry to the 
pteroylglutamate pool. In this regard the inhibition of glycine 
decarboxylase by L-methionine may be significant. When methionine 
concentrations in the mitochondria increase direct inhibition of the 
de novo generation of methyl groups may occur (Figures 9 and 11). 

Serine hydroxymethyltransferase, though generally assumed in 
plants and lower organisms to be a primary source of C-] units, has not 
been clearly shown to be regulated by o-CH,-H,PteGlu or methionine and 
its metabolites. The nature of the structural or compartmental 
limitations on this enzyme in higher plants may however preclude such 


types of regulation. 


Methtonine btosynthesis 

The present study has implicated the mitochondria in the 
biosynthesis of various amino acids related to one-carbon metabolism, 
such as the de novo synthesis of methionine. The data presented 
(Tables 18 and 19) illustrate that the 5-CH3;-H,PteGlu homocysteine- 


dependent methyltransferase present in pea cotyledons may be largely 
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compartmented within the mitochondria. Several properties of this 
enzyme were found to be similar to the enzyme partially purified 
directly from cotyledon homogenates. 

The synthesis of L-methionine by a mitochondrial methyltransferase 
utilizing 5-CH3-H,PteGlu3 as the methyl donor has been observed for rat 
liver (Wang et al., 1967) though the presence of S-adenosylmethionine: 
L-homocysteine S-methyltransferase could not be detected. In contrast, 
the latter enzyme was detected in the ammonium sulphate fraction of 
isolated mitochondria utilized in the present study (Tables 18 and 19) 
thus, indicating some role for this enzyme in mitochondrial one- 
carbon metabolism. 

The presence of substantial levels of 5-CH3-H,PteGlu trans- 
methylase in mitochondria (Table 18), and its high affinity for the 
methyl donor (apparent K, for 5-CH3-H4PteGlu of 25 uM), implies 
that a very rapid turnover of methyl groups occurs within 
this organelle. Furthermore, the presence in the mitochondria of 
several enzymes known to be involved in the biosynthesis of homo- 
cysteine (Tables 2] and 22) and the apparent binding of methylated 
derivatives of H,PteGlu to the mitochondria (Table 6) further supports 
this contention. 

Product inhibition by L-methionine of the 5-CH3-H,PteGlu 
transmethylase (Figure 11) as well as other mitochondrial reactions 
involved in the generation of C-1 units through the pteroylglutamate 
pool would no doubt result in strict regulation of the de novo 
production of methionine during the germination of this seed, especially 
as this process may be augmented somewhat by the extensive hydrolysis 


of reserve protein during germination (Lawrence et al., 1959). 


ea 


scaeipnmeaiitbie feiabnodaezim s pebientneted 0 elaortanyei ad " ‘ 
11 90? bsvisedo nesd ead rOnob fyddam es 26 ulooa ieHOr? oniaitd ay 
:sninoidisml yzonsbs-2 to gonses%q ela, fpvors. (ydet ,.in su erai revit 
»t2e73N02 Al Lbs tostab. od Jon: biuos ozenatencrs lyrten=2 sniszeysomod=J1. 
to noijoex? serqlue muinoms sit ni bejostos ean emysne reste) sit 

(@{ bre 8f 2ofdeT) ybute ingeeig sftt nt best hay sinbmortzad ja bagstoei 


-sno isiabnodcos im nivsmysne 21d? ro} sfor amos enitsoibni .zudd 

zi fodessn nadisa. 
-2neid ulderSyH--H0-2 to zleval (sicnesedua to sonezeng saT_~ 
aid 107 Ydinitis ripid 241 bas ,(8f sideT) siabaodootin ni szehyisen 
2zeliqmi , (dy @& Yo uldsddgh=eHI-2 107 gal tInereqqs) 10neb fydiem a 
niddjiw 21wo5e aquote iyijem To ysvonww? bigs, yrev 6 ders 
to siibnodsosim afd ni sans2s1q Sn? Somiadiaw .si lenseio aids 4 
~onor to zlesriny2zoid ait ni beviavni sd oF awond esemysne fervevee : 7 


besetydiam to paibnid 3nsisqqs ait bne (SS bos 18 ee2fdeT) eniaseyo 


emogque 16d3107 (A sidsT) siibdotoosim sa3 os vldeg9,h Io eovisaeviseb 

| -notanesnos ells 
uldardyH-,HI-2 ad2 to oninoidszen-i yd nelrididal toubot : 

anoitsser fsinbnaodsotim sarlio e6 I fow as (11 eiugia) oeed yissmenst2 
stemstulplyorsigq adi lle eaten i-2 to eae at brcsieeabin’.” 
Cues wh ori Pietin jolv3e nt oe 
visinegeo ,bsez id to Lace hah ‘it gnizub aning 


90 

The ability of isolated pea mitochondria to activate methionine 
in the synthesis of SAM (Table 20) is consistent with the observation 
by Davies (1966) that L-methionine inhibits mitochondrial respiration by 
combining with ATP to form SAM. SAM produced in the mitochondria may 
then be utilized in other methylation reactions, perhaps also similarly 
compartmented, 

In the latter regard, it is known that the restriction and 
modification of DNA (recently reviewed by Meselson et al., 1972) is 
highly specific, utilizing a specific methylase for the methylation of 
different bases as well as utilizing SAM as the methyl donor, The 
degree or activity of these specific transmethylation reactions in the 
development of the mitochondrial electron transport chain (Solomos 
et al., 1972) could be facilitated by a mitochondrial synthesis of 


SAM (Table 20). 


Coneludtng remarks 

In conclusion, it has been shown that the mitochondria of this 
tissue possess enzymes necessary for extensive C-1 metabolism, In 
this respect, these organelles may be quite autonomous, Furthermore, 
the intracellular localization of pteroylglutamate derivatives implicates 
the mitochondria in physiological roles integral to the metabolism of 
the cell as a whole. It is not clear however whether these derivatives, 
synthesized within the mitochondria, are also utilized by the rest of 
the cell, It is possible that sufficient mitochondrial enzymic capacity 
can be detected to provide the amounts of pteroylglutamate derivatives, 
methionine and SAM, required to support syntheses of DNA, RNA and 
protein within the mitochondrion, These activities are in fact 


prerequisites for the development of mitochondria in higher organisms. 
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The nature of the processes which control production and utilization of 
individual pteroylglutamates within the mitochondrion are still largely 


unknown and warrant further detailed study. 
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